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ABSTRACT 
 
Bonding between adjacent pavement layers is one of the most important factors affecting 
pavement service life. Poor bonding between adjacent layers of hot mix asphalt can lead to 
different types of distresses in pavement system such as slippage cracking, top-down cracking, 
premature fatigue cracking, and in some cases complete delamination. A considerable number of 
research projects have been conducted to examine interface bonding and many test methods have 
been proposed to evaluate the bonding between pavement layers.  However, a review of the 
literature has shown that research on interface bonding using fundamental fracture mechanics has 
been very limited and is still in its early stage.  Furthermore, laboratory tests and analyses that 
capture a broad range of fracture behavior, such as opening and shearing, have yet to be 
developed.  
The main objectives of this study were to investigate the capability of fracture mechanics 
approach for assessment of bonding between pavement layers and to identify performance-
related tests that can be used to generate fundamental fracture data that can be readily utilized in 
computational models in order to facilitate system optimization and linkage between material 
properties and field performance. This dissertation describes the development, application, and 
validation of three new fracture energy based interface bond tests including the Interface Bond 
Test (IBT), Three-Point Bending Notched Beam Test, and Four-Point Shear Notched Beam Test 
that can be used for the characterization of interface behavior between adjacent pavement layers 
(HMA-HMA or HMA-PCC) under different modes of failure including Mode I (tensile Mode), 
Mode II (shear Mode), and Mixed-Mode (combination of  Mode I and Mode II). The tests were 
evaluated in the context of laboratory and field samples produced with different interface 
treatments along with finite element simulations. The obtained results clearly demonstrate the 
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ability of the newly developed tests to evaluate the quality of the bonding between pavement 
layers and to generate fundamental fracture data that can be used in computational models. 
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CHAPTER 1 
INTRODUCTION 
 
1.1   BACKGROUND 
 
Flexible and Composite pavements are usually constructed in multiple layers or lifts because 
of the fact that maximum thickness of a single hot mix asphalt layer that a roller can compact 
appropriately is limited to 2 to 3 inches. In addition, more than one mix design is usually used for 
surface and binder course and more overlays are usually added to distressed existing pavement 
surface as a rehabilitation technique during the pavement service life. In flexible pavement 
design, interfaces are often assumed to be fully bonded. However, even in the case of asphalt-
asphalt and asphalt-concrete interfaces, this is often not the case. If the pavement layers are not 
completely bonded together, they cannot act as a single layer (i.e. monolithic system) and the 
ability of the pavement to effectively bear loads and transfer radial tensile and shear stresses 
from one layer to another reduces significantly. Therefore, the magnitude and location of critical 
pavement responses such as stress and strain will be different, and pavement deflection under 
loading will be higher, as compared with when the layers are fully bonded. For example, in a 
fully-bonded layered pavement system, maximum tensile strain occurs at the bottom of the 
bonded pavement surfacing layers, while for the non-bonded case, the tensile strain at the bottom 
of the top surfacing layer (or overlay) will generally be the greatest, and higher than the 
maximum tensile strain in the equivalent bonded pavement system as shown in Figure 1-1. 
 
2 
 
  
 
 
 
 
                                             
 
                                                   (a)                                                                         (b) 
Figure 1-1: (a) Effect of interface bonding on pavement behavior, (b) Horizontal strain under 
central line of a single wheel (reproduced from [1]) 
Insufficient bonding between pavement layers can result in a number of distresses in the 
pavement system such as slippage cracking, top-down cracking, premature fatigue cracking, 
pothole development, band cracking, and even complete delamination [2]. Poor bonding between 
pavement layers can also result in compaction difficulties due to excessive movement of the 
newly placed layer under the roller [3]. Some of those distresses are shown in Figure 1-2.  
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Figure 1-2: Distresses Related to Poor Bonding between Pavement Layers, (a) Slippage 
Cracking, (b) Premature Fatigue Cracking, (c) Pothole, and (d) Surface Layer delamination 
(after milling process) 
 
The presence of any of these types of distresses can affect pavement structural and functional 
integrity. Khawier and Fordyce reported that interface bonding failure could lead to a predicted 
loss of between 40-83% of the potential life of a pavement [4]. Hence, good bonding between 
pavement layers is vital to enhance pavement performance and to decrease maintenance costs.  
In practice, bonding between adjacent layers of a pavement structure is typically attempted by 
spray-application of a thin film of bituminous material between layers, termed ‘tack coat.’  
ASTM D8-02 defines tack coat as “an application of bituminous material to an existing relatively 
non absorptive surface to provide a thorough bond between old and new surfacing” [5]. Some of 
the important factors affecting the quality of bonding between adjacent layers of pavement 
structure include tack coat type, tack coat application rate, mixture type, surface cleanliness, 
surface texture, temperature, and moisture conditions [6]. 
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Despite the importance of bonding and its effect on pavement performance, there is still a 
critical need for research to identify performance-related tests that can be used for the design and 
control of interface bond. 
 
1.2   PROBLEM STATEMENT 
 Although, a considerable number of research projects have been conducted on the interface 
bonding and many test methods have been proposed to evaluate the bonding between pavement 
layers, a review of the literature has shown that research on interface bonding using fundamental 
fracture mechanics has been very limited and is still in its early stage and acceptable laboratory 
tests and analyses have yet to be developed. Some of the important questions that can be raised 
and have never been explored in the literature are as follows:  
 Can existing fracture mechanics principles and experimental procedures be utilized to 
accurately evaluate the bonding between adjacent pavement layers? 
 What fracture parameters describe the fracture characteristics of interface? 
 Can a simplified bench-scale fracture test be developed that can be used to evaluate the 
bonding between pavement layers accurately? 
 Can the fracture properties obtained from the fracture tests be used in a cohesive zone 
model to precisely simulate the interface behavior in a full-scale pavement structure? 
 Thus, a research study to investigate the capability of fracture mechanics approach for 
assessment of bonding between pavement layers and to identify performance-related tests that 
can be used to generate fundamental fracture data that can be readily utilized in computational 
models in order to facilitate system optimization and linkage between material properties and 
field performance is of major importance.  
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1.3   HYPOTHESES 
 
 In order to examine the problem statements described above, several hypotheses were built 
which will be tested using experimental and numerical techniques. The hypotheses are as 
follows: 
 Fracture mechanics principles can be applied to accurately determine fracture properties 
of asphalt concrete at interface which can be used to evaluate the bonding between 
pavement layers. 
 The fracture energy required to separate two pavement layers at their interface can be 
obtained from bench-scale experiments and numerical simulations. 
 Fracture tests can be utilized to discriminate between different types of interface bond 
conditions, including texture of adjacent layers, tack coat or other adhesive material used, 
temperature, loading mode, and loading rate.   
 Fundamental fracture properties of interface obtained from fracture tests coupled with 
finite element modeling can be used to accurately simulate interface behavior in a full-
scale pavement structure. 
 
1.4   RESEARCH OBJECTIVES 
 
 The main objective of this research was to evaluate the bonding between pavement layers 
using fracture mechanics principles through experimental and numerical techniques which can 
help advance the field of pavement engineering by proving a better understanding of fracture 
behavior at pavement interfaces. The main focus of this study was on the development, 
application, and validation of new laboratory fracture tests that could accurately evaluate and 
quantify the efficacy of bonding between pavement layers. The major concentration of the 
experimental design was Mode I fracture testing (tensile mode); however, for a more complete 
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understanding of interface behavior, other modes of failure such as Mixed-Mode and Mode II 
(shear mode) were also investigated and results compared. The research outline to meet the 
objectives is summarized in Figure 1-3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-3: Schematic of Doctorate Research  
 
1.5   OUTLINE  
 This dissertation consists of seven chapters. After the introductory chapter describing the 
background, importance of bonding between pavement layers, problem statement and research 
Objective: Evaluation of bonding between adjacent 
pavement layers using fracture mechanics approach 
Requirement: Development and application of new 
laboratory fracture tests 
 Identification of prospective tests 
 Development of test configurations 
 Development of test fixtures and procedures 
 Development of test analysis 
 Investigation of test repeatability  
Validation of the new laboratory fracture tests 
Field and lab specimens Finite element simulation 
Simulation of interface behavior in full scale pavement modeling 
Extraction of fundamental interface fracture properties 
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objectives of the study, Chapter 2 provides a literature review focusing on the previous works 
that have been done by other researchers along with an overview of fracture mechanics. Chapter 
3 presents the development of a fracture energy based Interface Bond Test (IBT). Chapter 4 
outlines the development of the three-point bending notched beam interface bond test. Also in 
this chapter, the development of the test configurations, fixtures, procedures, and preliminary test 
analysis are discussed. Chapter 5 describes the development of the four-point shear notched 
beam interface bond test. Next, Chapter 6 addresses application of the tests to field investigations 
along with a numerical simulation of a full-scale pavement structure using the fracture properties 
obtained from the proposed tests. Finally, Chapter 7 will summarize the research and provide 
conclusions, key findings, recommendations and future extensions. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1   PREVIOUS WORKS 
A review of the literature shows that until now, numerous methods have been developed and 
proposed by researchers to evaluate the bond between adjacent pavement layers. Those methods 
can be generally categorized into three different groups which are direct shear tests, tension tests, 
and torsional shear tests. A schematic representation of these interface testing modes is shown in 
Figure 2-1. 
 
                               (a)                                          (b)                                         (c) 
Figure 2-1: (a) Direct shear, (b) Tension, and (c) Torsional shear 
An overview of the existing interface bond tests developed by researchers is summarized 
below, in rough chronological order. 
Uzan et al. (1978) were among the first researchers investigating on the evaluation of the 
bond between pavement layers using a direct shear test on laboratory prepared bituminous 
specimens [7]. In their study, different application rates of asphalt binder were used. The testing 
was performed under two different temperatures with a constant displacement rate under diverse 
normal stress levels. The researchers reported that interface shear strength can be improved by 
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using tack coat. In addition, they concluded that interface shear resistance decreases as the 
testing temperature increases and as the normal stress decreases.  
In 1979, Leutner developed a simplified direct shear test, called Leutner shear test [8]. The 
test involved an application of load through U-shaped arms on 150 mm diameter specimens and 
measurement of displacement. The principle of the test was to apply a shear displacement rate of 
50 mm/min without application of a normal stress. This displacement rate was allowing the test 
to be performed in standard Marshal or CBR devices which were widely available. A picture of 
Leutner test device is shown in Figure 2-2. 
 
Figure 2-2: Leutner Shear Testing Device [8] 
In 1994, Santagata et al. developed a test apparatus, called ASTRA (Ancona Shear Testing 
Research and Analysis), to assess the strength of interface bonding [9]. The apparatus was 
capable of testing prismatic and cylindrical composite specimens. The test was performed at a 
constant displacement rate of 2.5 mm/min with a constant vertical load perpendicular to the 
plane of the interface to be tested. One special feature of the test was that the test was able to 
measure displacement in the normal direction of loading as well as the shear direction which 
allows measurement of dilation (volumetric expansion) at the interface. Figure 2-3 shows a 
schematic representation of the ASTRA apparatus. 
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Figure 2-3: Schematic Representation of the ASTRA Apparatus [9] 
 
In Austria, Tschegg et al. (1995) developed the wedge splitting test to characterize fracture 
properties of bond between HMA pavement layers [10]. The principle of the test was to split a 
layered specimen at the interface through applying a vertical compressive force to a metal wedge 
that induces horizontal forces to the specimen. The output of the test was maximum load and 
fracture energy, G, calculated from the area below the obtained horizontal load-displacement 
curve. The researchers finally reported that the obtained specific fracture energy (fracture energy 
per unit fracture area) was more appropriate to characterize the fracture resistance as compared 
with the maximum load. A schematic representation of the wedge splitting test is shown in 
Figure 2-4. 
 
Figure 2-4: Schematic Representation of the Wedge Splitting Test [10] 
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In Switzerland, Raab et al. (1999) developed a modified version of the Leutner test, called 
Layered Parallel Direct Shear (LPDS) test, to evaluate the bond between pavement layers [11]. 
Like the Leutner test, the LPDS test was using 150 mm diameter layered specimens with a 
standard displacement rate of 50 mm/min. During the development of the test, the researchers 
investigated different shapes of loading and clamping devices and finally recommended that it is 
essential to use semicircular (U-shaped) loading and clamping device. Figure 2-5 shows a 
schematic representation of the LPDS device. 
 
Figure 2-5: Schematic Representation of the LPDS Apparatus [11] 
In 2000, Donovan et al. conducted a study to determine the optimum tack coat application 
rate for a geocomposite membrane in roads and overlaid bridge decks [12]. In order to do that, a 
direct shear test fixture, as shown in Figure 2-6(a), was developed to allow the application of 
cyclic shear load (in vertical direction) while normal load (in horizontal direction) was applied to 
specimens. A modified version of the apparatus was later used by Al-Qadi et al. (2008) to 
investigate the characteristics of the HMA-PCC interface [13]. In the modified version of the 
direct shear test device, the test was performed under monotonic mode and the effect of bending 
moment which was induced because of eccentricity of the shear force was reduced as shown in 
Figure 2-6(b). 
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                                                  (a)                                                 (b) 
Figure 2-6: (a) Test Setup of the Direct Shear Apparatus Developed by Donovan et al. [12], 
and (b) Modified Version of the Fixture Developed by Al-Qadi et al. [13] 
 
In 2001, a research program was conducted by Romanoschi et al. to evaluate the bonding 
between pavement layers [14]. In that study, the researchers developed a shear fatigue test in 
which the shear plane was placed at an angle of 25.5⁰ to the horizontal plane, so that both normal 
and shear stress could be applied simultaneously to the interface. In that test a haversine vertical 
load with a frequency of 5 Hz was used to determine the fatigue failure point. A schematic 
representation of the test is shown in Figure 2-7. 
 
Figure 2-7: Schematic Representation of the Shear Fatigue Test Developed by        
Romanoschi et al. [14] 
In a laboratory study in 2002, Mohammad et al. evaluated the influence of tack coat 
materials on interface shear strength using the Superpave Shear Tester (SST) and a shear box 
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designed to ensure that the failure occurs at the interface of 150 mm diameter gyratory 
compacted specimens [15]. In that research, four types of emulsions, two types of asphalt 
binders, five tack coat application rates, and two temperatures were studied and the test was 
performed under a constant shear rate. A picture of the shear box and the Superpave Shear 
Tester are shown in Figure 2-8.  
 
                          (a)                                           (b)                                             (c) 
Figure 2-8: (a) Shear Box (b) Shear Box with Specimen, (c) Shear Box                                 
inside Superpave Shear Tester [15] 
 
In 2005, West et al. developed the NCAT shear test device to study the bond strength 
between pavement layers [3]. In that study, two types of emulsions, one type of asphalt binder, 
and three tack coat application rates were tested at three different temperatures under three levels 
of normal stress. Finally, the researchers concluded that testing temperature has the greatest 
influence on bond strength as compared to other variables investigated. The authors also reported 
that interface bond strength was sensitive to normal stress only at high temperatures. A 
schematic representation of the NCAT shear tester is shown in Figure 2-9. 
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Figure 2-9: Schematic Representation of the NCAT Shear Tester [3] 
In another study in 2005, Mohammad et al. conducted a research on optimization of tack coat 
for HMA placement as part of a NCHRP project [16]. In that study, the Louisiana Interlayer 
Shear Strength Tester (LISST) was developed to evaluate the shear strength between HMA 
pavement layers and the Louisiana Tack Coat Quality Tester (LTCQT) was developed to assess 
the quality of tack coat materials in the field. Pictures of the LISST and LTCQT are shown in 
Figure 2-10.  
 
 
                                                      (a)                                             (b) 
Figure 2-10: (a) LISST Device, and (b) LTCQT Device Developed by Mohammad et al. [16] 
 
In 2006, Tashman et al. [17] performed a research program to study the factors affecting 
the bond strength between HMA pavement layers using the FDOT shear tester, the Torque 
bond test, and the UTEP pull off test as shown in Figure 2-11. The parameters investigated in 
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that study were tack coat application rate, curing time, coring location, and surface treatment 
type. The researchers reported that milling the existing surface improved shear bonding and 
the absence of tack coat material hardly influenced the interface shear strength for milled 
surfaces.  
    
                       (a)                                             (b)                                            (c) 
Figure 2-11: (a) FDOT Shear Tester, (b) Torque Bond Test, and (c) UTEP Pull off Test [17] 
 
In 2007 in Germany, Ascher et al. conducted a research program to evaluate the bond 
between pavement layers [18]. In that study, a dynamic shear testing device was developed to 
determine the dynamic shear reaction modulus of interface through application of repeated 
shear displacement along with application of normal load on 100 mm diameter layered 
specimens. Figure 2-12 shows a picture of the dynamic shear testing device. 
 
Figure 2-12: Dynamic Shear Testing Device Developed by Ascher et al. [18] 
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In 2012, Al-Qadi et al. conducted a study to evaluate the bond strength between pavement 
layers using a newly developed device called the Interface Shear Test Device (ISTD) [19]. 
The test involved the application of direct shear load and measurement of the resulting shear 
displacement during the test while normal pressure was applied to simulate the confinement 
pressure resulting from tire contact pressure on pavement. The device was capable of testing 
100 and 150 mm diameter specimens with various heights ranging from 94 to 109 mm. A 
picture of the interface shear test device is shown in Figure 2-13. 
 
Figure 2-13: Interface Shear Test Device Developed by Al-Qadi et al. [19] 
 
 Although the above tests are in use today, some of them have limitations that can lead to 
inaccuracies in the evaluation of bonding between pavement layers. For instance, some of the 
aforementioned tests are manually operated, which results in a non-uniform loading rate. Some 
are difficult to employ and/or require complicated/impractical test apparatus. Some are not 
applicable to thin bonded overlay systems. Some simply use peak load to evaluate the bonding 
between adjacent pavement layers which provide very limited information about the overall 
characteristic of the bond. Most were not designed to generate data for computational modeling 
of the interface. None followed modern fracture testing schemes (use of notch, feedback loop on 
crack opening, energy approach). 
 
17 
 
2.2   OVERVIEW OF FRACTURE MECHANICS 
2.2.1   Introduction to Fracture Mechanics  
 Fracture mechanics is a branch of mechanics that deals with crack initiation; propagation; 
failure and stress analysis ahead of the crack tip. Fracture mechanics developed after it was 
found that flaws in materials have an influence on the strength and performance of the material. 
As a powerful tool, fracture mechanics has helped researchers better understand the mechanism 
behind the crack initiation and propagation of different types of materials. Unlike strength of the 
materials approach that analyzes the global response by comparing stress and strength, fracture 
mechanics analyzes local failure ahead of the crack tip using three important parameters 
including applied stress, flaw size, and fracture toughness. In fact, fracture mechanics quantifies 
the critical combinations of these three parameters.  
 The motivation for fracture mechanics was provided by Inglis [20] in 1913 when he obtained 
the elastic solution for stresses at the vertex of an ellipsoidal cavity in an infinite solid and 
showed that as the ellipsis approaches a line crack, the stress at the crack tip reaches to infinity as 
shown in Figure 2-14.  
 
                                              (a)                                                      (b)      
Figure 2-14: Stress at the Ellipse Vertices (a) Stress Is Finite; (b) Stress Tends to Infinity as the 
Ellipse Approaches a Line Crack (reproduced from [20] ) 
 
Noting this key finding, in 1920 Griffith [21] concluded that the use of stress value as a 
criterion to failure when a crack exists in an elastic solid is not reasonable. This led him to 
develop a theory for brittle fracture by qualitatively relating the fracture stresses to flaw size. In 
Load  
Stress  
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order to formulate his fracture theory, Griffith used the first law of thermodynamics. Based on 
his theory, when the strain energy change resulting from an increment of crack growth is enough 
to overcome the surface energy of the material, a flaw becomes unstable and therefore fracture 
occurs. Considering that Griffith’s theory was assuming that the work of fracture comes 
exclusively from the surface energy of the material, his approach was only applicable to ideally 
brittle materials, such as glass. An extension to Griffith’s approach which made the theory 
applicable to metals was later made by Irwin. 
In 1956, Irwin developed the energy release rate concept which was more useful for solving 
engineering problems [22]. The energy release rate criterion states that crack will propagate 
when the available energy release rate is equal or greater than a critical value (fracture toughness 
of the material). The energy release rate is defined as the rate of change in potential energy with 
crack area for a linear elastic material as shown in the equation below:  
   
      
  
 
Where,  
 : The energy release rate 
   The strain energy stored in the body 
   The work done by external forces 
 : The crack area 
 
Shortly afterwards, Irwin used the semi-inverse technique that Westergard [23] had 
developed for analyzing stresses ahead of a crack in 1939 and showed that the displacement and 
stresses near the crack tip could be described by a single parameter related to energy release rate 
[24]. This parameter later became known as stress intensity factor, also known as K. During a 
relatively short period of time several researchers including Irwin [25], Dugdale [26], and 
Barrenblatt [27] developed analysis to correct for yielding at the crack tip. After the 
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fundamentals of fracture mechanics were established in about 1960, researchers began to focus 
on the plasticity of crack tip.  
In 1968, Rice [28] extended the method of energy release rate and developed a parameter 
which could be used to characterize non-linear material behavior near the crack tip. In fact, Rice 
was able to generalize the energy release rate to non-linear materials by idealizing plastic 
deformation as non-linear elastic. Rice later showed that this non-linear parameter (J-integral) 
that uniquely characterizes crack tip stresses and strains in non-linear materials can be expressed 
as a line integral evaluated along an arbitrary contour around the crack tip. Since J-integral is 
independent of the path of integration around the crack, it is also called a path-independent 
integral. Rice’s theory has since dominated the development of the fracture mechanics in the 
United States. In the meantime, Wells [29] proposed a parameter called crack tip opening 
displacement (or CTOD) which led to the fracture mechanics in Europe. Although in 1960 the 
center of researcher’s attention was mostly on plasticity, more recent research has gone a step 
forward incorporating time-dependent non-linear material behavior such as viscoplasticity and 
viscoelasticity and more complicated models are being incorporated into fracture mechanics 
analysis.  
2.2.2   Linear Elastic Fracture Mechanics 
 
Linear Elastic Fracture Mechanics (LEFM) is a branch of fracture mechanics that uses the 
theory of elasticity to calculate the stress near the crack tip by assuming that the material is 
isotropic and linear elastic. In linear elastic fracture mechanics two alternative approaches can be 
used in the analysis of fracture including the energy criterion and the stress intensity approach. 
According to the energy approach (also known as Griffith’s approach), fracture occurs when 
energy available for crack growth (G) is enough to overcome the resistance of the material to 
cracking which may include the surface energy, plastic work, or other types of energy dissipation 
associated with propagating crack.  According to the stress intensity approach (also known as 
Irwin’s approach), the crack is assumed to propagate when the stress intensity factor, KI, reaches 
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its critical value, KIC, which is a measure of fracture toughness (the subscript on K denotes the 
mode of loading). The stress-intensity factor is a parameter that characterizes condition around 
the crack tip and is widely used to predict the stress state near the tip of a crack in a linear elastic 
material. The magnitude of stress intensity factor depends on the size and location of the crack, 
sample geometry, and the magnitude and distribution of the applied loads.  
Generally, there are three basic modes of cracking in fracture mechanics. These modes are 
categorized as Mode I, II, or III as shown in Figure 2-15. A combination of these modes can also 
be applied to a crack and refers to Mixed-Mode. 
 
                                       (a)                         (b)                           (c) 
Figure 2-15: The Three Modes of Loading (a): Mode I (opening), (b): Mode II (in-plane shear, or 
sliding), and (c): Mode III (out-of-plane shear, or tearing) 
Based on Irwin’s model, the stress fields near the crack tip in an isotropic linear elastic 
material for modes I, II, and III can be expressed as follow:  
    
         
    
        
Where,  
    = Stress component near crack tip 
  = Distance from crack tip 
  = Stress intensity factor 
       = Function independent of geometry and load 
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The stresses near the crack tip under Mode I loading condition are shown in Figure 2-16 
(stress components under other modes of loadings can be found in a number of fracture 
mechanics books [30, 31] ). 
 
    
  
    
    
 
 
        
 
 
     
  
 
   
    
  
    
    
 
 
        
 
 
     
  
 
   
    
  
    
    
 
 
     
 
 
     
  
 
  
Figure 2-16: Stresses near the Crack Tip under Mode I Loading Condition 
 
Although the stress intensity factor approach which is based on conventional stress analysis 
is more attractive as compared to energy approach for linear elastic materials, both approaches 
are essentially equivalent and their relationship for Mode I can be expressed as follows: 
   
  
 
 
                                
   
        
 
 
                               
  
Where,  
  = Energy release rate  
   = Stress intensity factor in Mode I 
  = Young’s modulus 
  = Poisson’s ratio 
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2.2.3   Non-linear Fracture Mechanics 
Considering that most engineering materials show some nonlinear elastic and inelastic 
behavior near the crack tip and the size of their fracture process zone (the zone ahead of crack tip 
in which material undergoes softening damage and consists micro-cracks) is large as compared 
to the crack size, the assumptions of LEFM may not hold and therefore the application of LEFM 
may not lead to accurate results. Therefore, for non-linear materials when LEFM theory is no 
longer applicable, an alternative crack tip characterizing parameter which is called J-integral, or 
simply J, is usually used. In fact, J-integral represents the strain energy release rate of the 
material exhibiting non-linear behavior. The procedure which can be used to experimentally 
determine whether or not LEFM theory is applicable to a material can be found in ASTM E399-
90 [32]  . 
When the material behaves in a linear elastic manner (i.e. when the inelastic deformation 
near the crack tip is small as compared to crack size), considering that J is equal to G and G is 
uniquely related to the stress intensity factor, calculation of J is relatively straight forward by 
knowing the load and crack length assuming an analytical solution of K for that geometry is 
available. When the material behaves in a non-linear manner, calculation of J-integral is rather 
more difficult because of the fact that J is not proportional to the applied load and superposition 
no longer applies. 
In 1968, Rice developed a method to measure the J integral through the use of a single 
specimen [28]. This approach assumed the presence of a semi-infinite crack in an infinite body. 
Rice showed that the J integral of an edge cracked specimen can be calculated through the use of 
the strain energy density measured far from the crack tip. According to Rice, the J-integral for an 
edge-cracked specimen can be calculated as below: 
 
        
 
  
 
23 
 
 Where, 
   = The area under the stress-stain curve  
   = Half of the specimen height 
One of the techniques commonly used to determine J-integral is the multi-specimen 
technique which was developed by Begley and Landes (1972) who were among the first to 
measure J experimentally by invoking its energy release rate definition [33]. In this method a 
series of test specimens of the same size, geometry, and material with notches of various lengths 
are used. After loading each specimen and plotting load-displacement curves, the strain energy is 
calculated by measuring the area under the load-displacement curves as shown in Figure 2-17(a). 
This is the amount of energy which is absorbed by the specimen during the fracture process. 
According to Begley and Landes, the J-integral for an edge-cracked specimen of thickness B is 
expressed as follow: 
   
 
 
 
  
  
 
 
 
Where,  
  = J-integral 
  = Specimen thickness 
 = Strain energy 
  = Crack length 
  = Displacement 
 
Thus, the J-integral value can be computed by determining the slope of the tangent to the 
U/B-crack length curve. After normalizing the obtained strain energy for each specimen by the 
thickness of the specimen (B), the U/B values are plotted against initial crack length as shown in 
Figure 2-17(b). Finally, based on the slopes of U/B-crack length curve at each point, the J 
integral versus extension curves are obtained as shown in Figure 2-17(c). 
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                         (a)                                            (b)                                              (c)               
Figure 2-17: Example of Multi-Specimen Technique  
 
Although the multi-specimen technique uses monotonic loading and is one of the simplest 
methods that can be used to determine J-integral, it has some disadvantages including the 
expense which is required in terms of time and number of specimens. An alternative method to 
multi-specimen technique is the unloading compliance method, as described in ASTM E1820-01 
[34], which uses a series of loading and unloading cycles on a single specimen to determine the 
crack length through the relationships between crack length and the material compliance.  
Portland Cement Concrete (PCC) and possibly asphalt concrete at low temperatures are 
classified under a group of materials called quasi-brittle which requires careful analysis of test 
data to make sure the obtained properties are relevant. Unlike brittle materials showing brittle 
failure and sudden load drop after pick load, quasi-brittle materials have a large fracture process 
zone (FPZ) ahead of crack tip and exhibit a softening curve after the load reaches to its 
maximum as shown in Figure 2-18. This softening curve happens because of the fact that the 
quasi-brittle materials have the ability to bear load even after the peak load due to aggregate 
bridging and interlocking ahead of the crack.  
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Figure 2-18: Typical Load-Displacement Curve for Quasi-brittle Materials 
 
Considering that asphalt concrete has a large inelastic zone ahead of crack tip and its fracture 
behavior involves complex phenomena departing largely from the LEFM assumptions of small-
scale yielding, J-integral and fracture energy approaches are the only approaches that have been 
used to describe fracture properties of asphalt concrete. Between those parameters, fracture 
energy approach has been selected as the most promising and reliable technique for exploring the 
fracture behavior of asphalt concrete. As an influential parameter, fracture energy has helped 
researchers better evaluate fracture resistance of asphalt concrete. Fracture energy (Gf) is defined 
as the energy which is required to create a unit surface area of a crack and can be calculated by 
measuring the work of fracture normalized by the fractured surface area as described below: 
   
  
  
 
         
Where, 
   = Fracture energy (J/m
2
) 
   = Work of fracture (J) 
  = Fractured surface area (m
2
) 
  = Applied load (N) 
u = Load line displacement (m) 
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Recently, a large amount of effort has been directed toward developing new fracture 
mechanics based test methods that can evaluate fracture properties of asphalt concrete. Some of 
the most common test methods that are in use today include: the Single-Edge Notched Beam 
Test [35], the Disk-Shaped Compact Tension Test (DC(T)) [36], and the Semi-Circular Bend 
Test (SC(B)) [37]. Figure 2-19 shows a schematic representation of the fracture tests.  
                 
        
 
               
                          (a)                                                (b)                                          (c)                                 
Figure 2-19: Schematic Representation of (a) Single-Edge Notched Beam Test; (b) Disk-Shaped 
Compact Tension Test; and (c) Semi-Circular Bend Test 
Although the SE(B) test has several advantages and has been widely used by researchers to 
evaluate the fracture properties of asphalt material, the test requires specimen geometry which is 
not very practical. Since it is impractical to extract beam-shaped specimens from a constructed 
pavement structure, the applicability of the SE(B) test is limited to lab prepared specimens. The 
DC(T) and SC(B) tests, on the other hand, are more practical than the SE(B) test and gaining 
more popularity because their specimens can be cut easily from asphalt concrete cylinders 
obtained from field cores or gyratory compacted specimens. Although the above tests have 
shown promising results, since they induce crack to propagate through the bulk materials, they 
are only suitable for measuring fracture properties of bulk materials. A review of the literature 
has shown that currently there is no standard fracture test method available that can be used to 
evaluate fracture properties of materials at pavement interfaces and new laboratory tests and 
analyses that capture a broad range of fracture behavior, such as opening and shearing, have yet 
to be developed.  
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2.2.4   Cohesive Zone Model 
The cohesive zone model (CZM) is a phenomenological model to characterize the behavior 
of a fracture process zone (FPZ), zone ahead of the crack tip in which material undergoes 
softening damage. Cohesive zone modeling is an efficient technique for the approximation of 
nonlinear fracture processes and crack propagation for both ductile and quasi-brittle materials. 
As a powerful tool, cohesive zone modeling has gained considerable attention among the 
researchers over the past decades. This computational technique provides a convenient way to 
avoid problems with stress singularities at the crack tip. The origin of the cohesive zone model 
can be traced back to the early 60s, when Barenblatt [38] came up with the concept of CZM to 
study perfectly brittle materials. This was followed by Dugdale [26] who adopted a fracture 
process zone concept to investigate yielding at a crack tip in ductile materials. As a result of the 
works of Needleman, Xu, Camacho, and Ortiz [39, 40, 41] more progress was made during the 
90s. Figure 2-20 shows a schematic representation of the fracture process (cohesive) zone and 
cohesive zone concept. 
 
Figure 2-20: Schematic Representation of the FPZ and Cohesive Zone Concept     
(reproduced from [42]) 
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As shown in Figure 2-20, the cohesive zone is the region between the true crack tip and the 
cohesive crack tip. The cohesive crack tip is a point where the traction reaches its maximum 
capacity.  On the other hand, the true crack tip, by definition, indicates a point where the traction 
is zero.  Consequently, once each particle or element within the material reaches its maximum 
traction, the element softens until reaching zero traction.  At this moment of zero traction, the 
material’s true crack tip propagates through the element.  
One of the essential aspects in cohesive zone modeling is the relationship between the 
traction and separation (displacement). Cohesive traction-separation relationships can be 
categorized under two groups including non-potential-based models and potential-based models. 
Although non-potential-based cohesive interaction models are simpler to develop, since they do 
not account for all possible separation paths, these models do not guarantee consistency of the 
constitutive relationship for arbitrary Mixed-Mode conditions [43]. In potential-based models, 
the relationship between traction and separation is obtained from a potential function 
characterizing the fracture behavior [43]. The potential function represents the fracture energy 
distribution in conjunction with separation of fracture surfaces [44] . Due to the nature of a 
potential, the first and second derivatives of the fracture energy potential provide the traction 
over fracture surfaces and the constitutive relationship (material tangent modulus), respectively 
[43].  
So far, several potential functions have been proposed by researchers for cohesive fracture. 
Each of them has its advantages and disadvantages. In 1987, a polynomial function-based 
potential was proposed by Needleman to simulate void nucleation [39]. Couple of years later, 
Needleman [45] developed an exponential-periodic potential which was later generalized by 
Beltz et al. in 1991 [46]. Later in 1993, Xu and Needleman developed an exponential potential 
for both tangential and normal interactions to consider shear failure relation [47].   
In 1994, Xu and Needleman proposed an intrinsic cohesive zone model in which cohesive 
elements are inserted into a finite element mesh in advance following an exponential cohesive 
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law [40]. In 1996, Camacho and Oritz presented an extrinsic cohesive law where a new surface is 
adaptively created by duplication nodes which were bonded before [41]. In 1998, Geubelle et al. 
used a bilinear cohesive zone model to reduce the artificial compliance inherent in the intrinsic 
cohesive law [48].  
Relatively fewer number of studies have been conducted for the study of fracture in asphalt 
concrete using CZM. This is probably due to complex features of asphalt concrete such as 
viscoelasticity and quasi-brittle behavior. In 2003, Soares et al. [49] used a CZM which was 
previously developed by Tvergaard in 1990 [50] to study crack propagation under Mode I in the 
Superpave Indirect Tension Test. Later, in 2004 and 2006, Paulino et al. [51] and Song et al. [52] 
used a potential-based cohesive zone model and simulated Mode I and Mixed-Mode crack 
propagation in a single-edge notched beam test. In another study in 2005, Wagoner et al. used a 
CZM to simulate the DC(T) fracture test and to extract the local fracture properties [36].  In 
2008, Song at al. [53] employed a power-law cohesive zone model to study the influence of 
CZM softening shapes on asphalt concrete fracture using a three-dimensional DC(T) test 
simulation. The material properties used in the cohesive zone model are material strength, 
critical displacement and cohesive fracture energy [53]. Since only two of these three parameters 
are independent, the third parameter can be calculated from the other two [35]. In 2007, 2008, 
and 2010, Dave et al. used a bilinear cohesive zone model in the simulation of reflective and 
thermal cracking in asphalt concrete overlays [54, 55, 56]. Although there are some 
investigations available [57, 58] in which researchers have done numerical simulation of 
pavement interface, a review of the literature has shown that none of them has used CZM or 
finite element method (FEM) with propagating crack in their studies. 
Until now, several CZM’s have been used to describe the local fracture behavior of asphalt 
concrete materials. The cohesive zone models include: Bilinear, Exponential Softening, and 
Power-Law. A schematic representation of the models is shown in Figure 2-21.  Although the 
30 
 
Power-Law and Exponential Softening models provide enhanced characterization of local 
material softening behavior, the Bilinear approach remains more applicable.   
 
Figure 2-21: Traction-Separation Relationships of different CZM’s for Asphalt Concrete         
[59, 60, 53] 
As mentioned earlier, one of the significant characteristics of a cohesive zone model is the 
use of a traction-separation relationship. Considering that most traction-separation relationships 
have limitations under Mixed-Mode conditions, the selection should be based on great prudence 
[44]. Noting these limitations, Park et al. conducted a study in 2009 and developed a unified 
potential-based constitutive model, so called PPR (Park-Paulino-Roelser) [44]. The PPR model 
accounts for different fracture energies in different modes of fracture and provides a consistent 
traction-separation constitutive relationship under Mixed-Mode conditions [61]. The model 
describes various material softening behaviors in order to represent a wide range of failure 
responses.  The potential of cohesive fracture which represents the fracture energy distribution in 
conjunction with separation of fractured surfaces is given by: 
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Where, Ψ is the potential function for cohesive fracture,    and    are the normal and tangential 
separations along fracture surface,    and    are the normal and tangential fracture energies,    
and     are energy constants,    and    are normal and tangential final crack opening widths, 
  and   are non-dimensional exponents, α and β are shape parameters in the PPR model, and     
is the Macauley bracket i.e. 
                 
          
  
Because of the nature of the potential, the derivatives of the PPR potential with respect to the 
normal and tangential separations result in the normal and tangential cohesive tractions as 
follows: 
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The cohesive zone model requires seed values for fracture energies (  ,   ), cohesive 
strengths (           , shape parameters (α, β), and initial slope indicators (      . Figure 2-22 
shows an illustration of the cohesive zone modeling concept along with its traction-separation 
relationship.  
Figure 2-22: Schematic Representation of the PPR Cohesive Zone Model and Traction-
Separation Relationship 
 
2.3   DCT SIMULATION USING THE PPR CZM 
Since the PPR CZM was relatively new and had not been used in the characterization of 
fracture behavior of asphalt concrete, the capability of the model was investigated in this study 
by simulating Mode I crack propagation in the DC(T) fracture test. In order to complete this 
assignment, PATRAN and ABAQUS programs were utilized. Several steps were required in 
order to create an appropriate representation of the DC(T) specimen using the FEM approach. 
First, the geometry of the model was defined in PATRAN by specifying points, curves, and 
surfaces. Next, mesh seeds were created along the curves of the surfaces and then each surface 
was subsequently meshed. Then, boundary conditions and material property were applied to the 
model. Finally, the ABAQUS input file was created by PATRAN software and after inserting the 
cohesive elements and viscoelastic properties, the model was analyzed by ABAQUS. 
For the sake of simplicity, several assumptions were made in developing the FEM model.  
First, the geometry of the notch was ignored and this area was modeled as a flat free surface.  
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Second, the specimen was loaded by the displacement of the nodes located at the top and bottom 
of the circumference of the loading holes as shown in Figure 2-23.  Third, it was assumed that 
the crack propagated in a straight line along the horizontal diameter where cohesive elements 
were inserted. 
 
 
Figure 2-23: DCT Loading Nodes 
 
 
The finite-element simulation was performed using the two-dimensional (2D) plane strain 
conditions. In this model, Q4-type elements with an average length of 3.0 mm were used far 
from the crack tip and Q4-type elements with an average length of 0.8 mm were used near the 
horizontal diameter of the specimen where crack propagation was expected. In addition to the 
Q4-type elements, cohesive elements were utilized along the crack path to simulate damage 
occurring in the fracture process zone. The geometry and finite element mesh used in this study 
along with the location of the cohesive elements are shown in Figure 2-24.   
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Figure 2-24: Finite Element Mesh for DC(T) Simulation 
 
The Indirect Tensile Test (IDT) as specified in AASHTO T322 [62] was used to achieve the 
material viscoelastic properties. After interconverting the creep compliance master curve 
obtained from the IDT to arrive at a relaxation modulus master curve representation, a 
generalized Maxwell model was fitted to the relaxation modulus master curve and model 
parameters were input to ABAQUS. In order to simulate crack initiation and propagation ahead 
of the crack tip in the fracture process zone under Mode I, the PPR cohesive zone model was 
utilized. Seed values were obtained experimentally in the lab using the DC(T) and IDT tests.  
The Mode I fracture test simulation was run with 1 mm/min CMOD rate in accordance with 
ASTM D7313-07 [63] at -12 C to match the laboratory testing condition. Finite element codes 
and the PPR subroutine used for the simulation of the DC(T) test are provided in Appendix A 
and Appendix B, respectively. Figure 2-25 shows stress contours in the y-direction at different 
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loading steps during the simulation. The formation of a complete FPZ and its movement are 
visible. 
 
Figure 2-25: Stress Contours obtained from the DC(T) Test Simulation 
Figure 2-26 shows the load-CMOD curves as obtained from the simulation and laboratory testing 
along with as-measured global fracture energy from the DC(T) test and local fracture energy 
used in the simulation. According to Figure 2-26, the shape of the Load-CMOD curve was 
simulated correctly and with minor calibration, local fracture properties can be extracted. After it 
was confirmed that the PPR CZM can be successfully used in the characterization of fracture 
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behavior of asphalt concrete, the model was selected as the main cohesive zone model for the 
subsequent parts of the study.   
 
Figure 2-26: Comparison between Laboratory Results and Numerical Simulation  
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CHAPTER 3 
INTERFACE BOND TEST (IBT) 
 
Despite the importance of interface behavior between pavement layers and its effect on 
pavement performance, there is still no consensus regarding the optimal bond testing technique. 
In most cases, interface bond is assessed in the context of the shear strength. Raab et al. [64] 
reported that under in-service conditions (traffic, environment), interface failure can be attributed 
to shear or tensile type failures. Considering that interface debonding can result from shear and 
tension modes, investigation on tension-type failures is also of major importance.  
An example of where tension can play a role in pavement interface failure occurs when an 
HMA overlay is placed on top of Portland Cement Concrete (PCC) with poor load transfer. As 
the moving load approaches the PCC joint, the concrete slab deflects downward while the intact 
HMA overlay bridges over the concrete joint and resists downward deflection. Therefore, a 
tensile stress is induced at the interface between concrete and HMA overlay which can lead to 
debonding [56] as shown in Figure 3-1.  
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Figure 3-1: Debonding at Pavement Interface due to Poor Load Transfer [56] 
 
Debonding in this location can result in secondary cracking leading to band cracking when 
the cracks reflect to the surface of the pavement as shown in Figure 3-2 and 3-3. 
 
 
                                    
 
 
 
Figure 3-2: Tensile Interface Failure between the PCC and Asphalt Overlay Because of Poor 
Load Transfer 
HMA  
PCC Slab 
Primary Cracking  
Secondary Cracking 
Debonding 
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Figure 3-3: Band Cracking Resulting from PCC Slab Deflection and Poor Interface Bonding 
 
Another motivation for the characterization of tensile interface behavior arises from the case 
of an overlay placed on top of a milled surface. A milled surface can lead to a high measured 
strength in shear, while poor bond strength is measured in tension as shown in Figure 3-4. 
Therefore, a case can be made for the importance of conducting both shear and tension type tests 
when evaluating the bonding characteristics of a layered pavement system. 
 
 
 
 
 
Figure 3-4: Comparison between the Behavior of the Interface for Milled Surfaces in Shear and 
Tension Modes (P is Load and   is Displacement) 
 
It is surmised that the optimum tack coat rate as determined by shear strength tests may be 
lower than the optimum rate needed to achieve an optimum bond under different conditions, 
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such as tension. In fact, an inverse relationship between tack coat rate and shear or tensile 
strength was reported for residual application rates up to 0.45 l/m
2
 (0.1 gal/yd
2
).  However, this 
trend has not been studied with a wide variety of interface tests, nor has it been studied in the 
context of higher application rates, such as those which can be achieved with a spray paver 
system (paver and distributor in one machine). Therefore, there is still a critical need for 
developing performance-related tests that can be used for the design and control of interface 
bond. The main goal of this chapter is to introduce a newly developed tensile-type interface test 
called the Interface Bond Test (IBT) and to assess the test through testing of laboratory and field 
specimens.  
 
3.1   TEST DEVELOPMENT 
3.1.1   Selection of Test Configuration  
During the process of optimizing the geometry for the new interface tensile bond test, several 
guiding principles were considered. For instance, the new test should be able to capture the 
effects of macrotexture as well as the adhesion properties of the tack coat material. It should be 
easy to perform and should utilize available commercial testing apparatus if possible. The 
fabrication of the specimen should be simple and straightforward. The specimen geometry 
should be such that it can be fabricated out of field cores or laboratory compacted cylindrical 
specimens. In addition, the test should be able to evaluate the bond characteristics of systems 
involving thin layers, such as thin bonded overlays. The proposed geometric dimensions of the 
IBT specimen should also fulfill the criteria outlined in RILEM (1991) for notched fracture test 
specimens [65]. Finally, the test should preferably generate fundamental tensile fracture data that 
can be readily employed in computational models, in order to facilitate system optimization and 
linkages between materials properties and field performance.  
In order to fulfill those criteria, ASTM D7313 [63] (Standard Test Method for Determining 
Fracture Energy of Asphalt-Aggregate Mixtures Using the Disk-Shaped Compact Tension Test) 
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was used as a starting point for the development of the interface bond test geometry. Similar to 
the DC(T), the IBT utilizes the standard fracture mechanics approach of using a notched 
specimen to create a controlled, propagating crack, as shown in Figure 3-5.  In the case of the 
IBT, the plane of the fabricated notch is made to coincide with the plane of the interface to be 
tested. 
 
                                             (a)                                                (b) 
Figure 3-5: (a) Plan View and (b) Isometric View of Initial IBT Geometry 
 
The IBT specimen can be cut from a cylinder to the desired thickness using a water-cooled 
masonry saw.  The flat edges can then be fabricated using the same saw. After coring the loading 
holes with a similar coring rig as specified for the DC(T), the notch can then be fabricated using 
a water-cooled masonry saw with a 1 mm wide blade. The IBT test involves the application of 
load through pins inserted into the loading holes and the measurement of crack mouth opening 
displacement (CMOD) with a clip-on gage as shown in Figure 3-6. The CMOD gage is identical 
to the one specified for the DC(T) test. To provide stable post-peak fracture, the test is controlled 
through a constant CMOD rate. The interface fracture energy then is calculated by determining 
the area under Load-CMOD curve and normalizing it by the fracture area.  
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                                   (a)                                                                         (b) 
Figure 3-6:  (a) Elevation View of Experimental Test Setup and (b) Load-CMOD Curve 
 
3.1.2   Specimen Geometry and Preparation   
As mentioned earlier, one of the goals in the development of the new test was the ability to 
evaluate the bonding characteristics between thin layers such as thin bonded overlays. This is an 
important feature, as agencies are increasingly moving to thinner, high-performance overlay 
systems to maximize rehabilitation funds and to maintain surface properties and to preserve 
underlying pavement structure. To accommodate that, the thickness of the specimens was set to 
38 mm (19 mm for each layer). One issue arising from using very thin specimens was that crack 
deviation could occur from the notch tip to the free surface during the test rather than the desired 
crack propagation path along the interface. To avoid this undesired failure mode, the length of 
the notch was optimized and a 5 mm deep edge groove (using a water-cooled masonry saw with 
a 1 mm wide blade) was added to the specimen geometry along the interface line. After 
numerous iterations, a specimen geometry that could be made out of a 150 mm (6 in.) cylinder 
while meeting requirements such as minimum ligament length, maximum width and maximum 
thickness was developed. The process of sample preparation and final specimen dimensions are 
shown in Figures 3-7 and 3-8, respectively.  
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 Figure 3-7: IBT Sample Preparation 
 
 
                                  (a)                                                          (b) 
t D H n 
85 130 38 50 
Unit: mm 
Figure 3-8: IBT Specimen Dimensions (a) Isometric View, (b) Plan View 
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Considering that the maximum thickness of each layer is not more than 19 mm (3/4 in.) and 
there was not enough space inside the specimen for the standard loading holes used in the DC(T) 
test, aluminum platens were developed for use with the IBT test. Figure 3-9 shows the 
dimensions of the aluminum platens. Bonding between the aluminum platens and the asphalt 
specimens is accomplished using an epoxy with 17.2 MPa (2,500 psi) tensile strength. 
 
                                
H L n W P D 
19 130 50 85 27 12.5  
Unit: mm 
Figure 3-9:  Dimensions of the Aluminum Platens Installed on the IBT Specimen 
 
3.1.3   Test Procedure and Analysis 
An initial experimental design was developed to evaluate the feasibility of using the IBT 
geometry for obtaining fracture energy at the interface of two HMA layers. All testing was 
performed with an Instron 8500 servo-hydraulic load frame with an environmental chamber 
capable of controlling the temperature from 30°C (86°F) to -30°C (-22°F) within ±0.1°C. Load 
was measured with a 10 kN load cell and the crack mouth opening displacement (CMOD) was 
measured with an epsilon model 3541-0020-250-ST clip-on gage. This equipment is the same as 
that which was used to develop the ASTM D7313 DC(T) test protocol, which is located at the 
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Advanced Transportation Research and Engineering Laboratory (ATREL) in Rantoul, IL.  The 
loading rate was selected such that the time to peak load was between 5 to 10 seconds, a typical 
rate for strength tests on asphalt concrete [66]. After a brief study on the effect of test 
temperature and loading rate, it was found that tests performed at -12
o
C (10.4°F) at a loading rate 
of 0.5 mm/min resulted in stable crack propagation and satisfactorily fulfilled the above criteria. 
Figure 3-10 shows the IBT test setup with the loading fixtures and clip-on CMOD gage. 
                        Figure 3-10: IBT Test Setup and Broken Specimens after Testing 
 
3.2   EXPERIMENTAL STUDY  
3.2.1   Sample Preparation and Laboratory Testing 
Three sets of specimens (a total of 9 specimens) were used in the first part of the study. Each 
set represented wet tack coat application rates of 0.45, 0.68, and 0.9 l/m
2
 (0.1, 0.15, and 0.2 
gal/yd
2
, respectively) which was equivalent to residual tack coat application rates of 0.27, 0.41, 
and 0.54 l/m
2 
(0.06, 0.09, 0.12 gal/yd
2
, respectively). The tack coat material used in this study 
was CSS-1h, which was obtained from a local emulsion supplier (Emulsicoat Inc., in Urbana, 
IL). A 9.5 nominal maximum aggregate size (NMAS) HMA was obtained from a drum plant in 
Fairmount, IL, which contained 5.2% asphalt binder (PG64-22). The mixture gradation is 
presented in Table 3-1.  
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      Table 3-1:  Mix Gradation 
Sieve Size 3/4" 1/2" 3/8" #4 #8 #16 #30 #50 #100 #200 BIT 
% Passing 100 100 99 60 39 28 17 9 6 4.5 5.3 
 
In order to prepare the specimens in the laboratory, the following steps (similar to what 
Ahmed et al. used in 2010 [67]) were performed, as illustrated in Figure 3-11: 
a) Compacting loose mix into a cylinder of 19 mm height and 150 mm diameter using a 
Superpave gyratory compactor, which represents the bottom half of the IBT specimen. 
b) Applying tack coat on the bottom half and placing it in the compaction mold. In order 
to distribute the tack coat uniformly, a paint brush was used and tack coat application rate 
was controlled by measuring the weight before and after the tack coat was applied. 
c) Placing loose mix on the specimen produced in steps (a) and (b) and compacting to 
produce the final, 38 mm tall composite specimen.   
Approximately 95 gyrations were required in each compaction step to arrive at the target air 
void level of 5%. 
 
Figure 3-11:  Specimen Preparation 
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3.2.2   Test Results and Discussion of Results 
After preparing the specimens in the laboratory, the required edges of the specimens were cut 
and notches and grooves were fabricated on each specimen. After gluing the wood platens using 
an epoxy with 17.2 MPa (2,500 psi) tensile strength, gage points were mounted onto the 
specimens. The specimens then were placed in the cooling chamber for 2 hours at the testing 
temperature of -12
o
C and the IBT test was performed with a CMOD rate of 0.5 mm/min. The 
obtained Load-CMOD curves for each specimen and the relevant fracture energies are shown in 
Figures 3-12 and 3-13. Load and CMOD values obtained from the first set of specimens 
(application rate: 0.45 l/m
2
) are provided in Appendix C.  
 
Figure 3-12: (a) Load-CMOD Curves obtained from The IBT Test 
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Figure 3-12 (b) (Cont.) 
 
 
Figure 3-12 (c) (Cont.) 
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Figure 3-13: Average Interface Fracture Energies for Different Wet Tack Coat Application Rates 
 
It can be seen in Figure 3-13 that with increased wet tack coat application rate up to the 
maximum application rate of 0.9 l/m
2
 (0.2 gal/yd
2
), the interface fracture energy increases. The 
Coefficient of Variation (COV) of the results range between 4 and 19% showing that the test 
provides acceptable repeatability. It should be noted that the obtained results are based on one 
tack coat type (CSS-1h) and one HMA mixture. Further investigation on different tack coat 
types, wider range of application rates, and different HMA mixtures is performed in the 
following sections of the study. 
 
3.2.3   Use of IBT Test with Field Cores 
The proposed IBT was used to study the bonding between overlay mixtures placed on Route 
T in Franklin County, Missouri constructed in October 2008. In that project 45 mm (1.75 in.) 
MoDOT BP-1 dense graded hot mix asphalt containing 15% RAP overlay was placed through a 
RoadTec SP-200 spray paver. Two types of emulsions, namely; polymer modified asphalt 
emulsion (PMAE) and unmodified emulsion (CSS-1h) at different rates were applied with the 
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spray paver. A control section was also built using a conventional CSS-1h tack coat using a 
distributor truck.  
Spray paver is the machine that applies both asphalt emulsion and asphalt mixture at the 
same time and is capable of achieving much higher tack coat application rates (usually 3-5 times 
higher than conventional paving process) and also enables the use of modified emulsions.  The 
application of asphalt emulsion and asphalt mixtures at the same time prevents ‘tracking’ of the 
tack coat, or tack coat pick-up and subsequent tack coat loss or contamination by the tracking of 
tires over the sticky surface of the primed pavement and results in an even and uniform 
application of the tack coat on the existing pavement. Figure 3-14 shows examples of tack coat 
pick-up and non-uniform tack coat application.  
 
 
 
 
 
 
 
Figure 3-14: Tack Coat Pick-up and Non-Uniform Tack Coat Application 
 
In 2012, Al-Qadi et al. conducted a life cycle cost analysis (LCCA) in two field projects in 
Illinois using three tack coat materials and two paving methods (i.e. conventional paver and 
spray paver) and reported that in the long run it is feasible and cost effective to use spray paver 
in the projects [68]. A schematic representation of a typical spray paver used in the United States 
is shown in Figure 3-15. 
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Figure 3-15: Schematic Representation of Spray Paver Machine 
 
During the single pass paving operation, since HMA is placed immediately on top of wet 
tack coat material, through a thermodynamic process some portion of the asphalt emulsion 
migrates upward into the overlay mixture resulting in an overlay with rich binder content in the 
lower portion of the mixture as shown in Figure 3-16. Ahmed et al. (2010) reported that the 
migration of asphalt emulsion to the layer above improves the fracture resistance of the overlay 
material [67]. The amount of asphalt emulsion’s upward movement depends on several factors 
including tack coat type and application rate, mixture type, air void content and temperature [67].  
 
 
Figure 3-16: Upward Migration of Asphalt Emulsion 
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The layout and final wet application rates of the test sections are shown in Figure 3-17. 
Test section A         
 
0.36 l/m
2
 CSS-1h 
distributor 
Test section B          
 
0.45 l/m
2
 CSS-1h 
spray paver 
Test section C        
 
0.68 l/m
2
 CSS-1h 
spray paver 
Test section D         
 
0.45 l/m
2
 PMAE 
spray paver 
Test section E        
 
0.68 l/m
2
 PMAE 
spray paver 
 
Figure 3-17:  Test Section Layout (Route T, Missouri) 
 
150 mm (6 in.) cores were procured by Road Science LLC following construction and later 
delivered to ATREL for testing. The cores were taken from test sections A, B, C, D and E the 
week after construction (three replicates from each section). The pavement structure consisted of 
a PCC pavement that had received several rehabilitative overlays in the past. The total thickness 
of the asphalt concrete over Portland cement concrete was about 150 to 175 mm (6 to 7 in.).  
The cores were then fabricated into IBT specimens and notched so that the newly paved 
interface in the pavement structure was tested. After drying the specimens and conditioning them 
for 2 hours at -12
o
C, they were tested in the DC(T) apparatus at ATREL under a controlled 
CMOD rate of 0.5 mm/min. Pictures of fractures specimens and the obtained fracture energies 
for each section are shown in Figures 3-18 and 3-19, respectively. 
 
Figure 3-18:  Fracture Areas (from left to right: sections A, B, C, D and E) 
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Figure 3-19:  Fracture Energies for Different Wet Tack Coat Application Rates 
(from left to right: section A, B, C, D, and E) 
 
Several comparisons can be made by examining Figure 3-19. For example, a comparison of 
section B to section A suggests that tack coat application via the spray paver system at a rate of 
0.45 l/m
2
 (0.1 gal/yd
2
) results in a superior bond as compared to the control section (section A), 
where the tack coat was applied using conventional method (distributor) at a rate of 0.36 l/m
2
 
(0.08 gal/yd
2
). With increasing wet tack coat application rates from 0.45 l/m
2
 (0.1 gal/yd
2
) to 
about 0.68 l/m
2
 (0.15 gal/yd
2
) the bond strength between layers increased for both CSS and 
PMAE tack coat types. It was also observed that Polymer Modified Asphalt Emulsion (PMAE) 
provides better bonding compared to the CSS emulsion tack (comparing sections D vs. B and E 
vs. C).  Examination of the fractured specimens (Figure 3-18) suggested progressively better 
bonding from left to right, which coincides with the interface fracture energy rankings.  This 
finding is based upon a qualitative assessment of the general roughness (or ‘tortuosity’ – 
implying a twisted or crooked surface) of the fracture face, with higher tortuosity indicating a 
strong interface and a significant amount of fracturing through the bulk material as opposed to a 
more planar fracture directly along the interface.  The higher degree of crack tortuosity was 
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associated with higher consumed energy, which suggests that the use of spray paver applied, 
polymer-modified tack coat at a high application rate would have the highest resistance to 
debonding in the field among the five methods studied, at least in the context of applied tensile 
stress at the interface during winter months.  
To further evaluate the IBT, the field results were compared to the results obtained from 
cores taken in the same locations tested in direct tension at 25
⁰
C with loading rate of 0.5 
mm/min.  Motivated by equipment availability, these tests were performed using the Superpave 
Shear Tester (SST) apparatus, which due to its biaxial testing capabilities, can be readily 
programmed to perform direct tension testing as shown in Figure 3-20. The direct tension tests 
were carried out by Road Science LLC, in Tulsa, OK. The results of this testing are shown in 
Figure 3-21. 
 
 
Figure 3-20: Superpave Shear Tester (SST) 
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Figure 3-21: Bond Energy Results of Different Wet Tack Coat Application Rates from Direct 
Tension Testing (from left to right: section A, B, D, and E) 
 
The bond energy is defined herein as the area under the load-displacement curve normalized 
by the projected area of the fractured interface (e.g., the area of the circular cross section of the 
core). The direct tension interface test results presented in Figure 3-21 show a similar trend as 
that observed in the IBT test. As before, interfaces where the tack coat was applied through spray 
paver exhibit a significantly better bond as compared to the conventional method. In addition, 
increased the tack coat application rates led to increased interface bond energy, and PMAE was 
found to be superior to the CSS emulsion. In general, the IBT test showed greater differences 
between the various treatments studied, possibly because of the tendency for the less 
aggressively bonded treatments to exhibit brittle behavior (very little crack resistance) when 
tested at a low temperature.   
To reiterate a point made earlier, an inherent advantage of the IBT test is that it uses a 
fracture mechanics approach, which can be coupled with numerical modeling to obtain 
fundamental material properties. The benefit of modeling is to gain insight, and in this case, 
insight towards the mechanisms of interface deterioration and a tool that can be used to develop 
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mitigation strategies for this type of pavement failure. Thus, although testing asphaltic materials 
at low temperatures should not be viewed as a panacea and a replacement for all other tests, it 
has its advantages in that it opens the door for the use of rigorous scientific tools such as fracture 
mechanics. Until more comprehensive field performance data is available, it is recommended 
that the IBT and/or the direct tension test is used along with shear-type tests in the design and 
control of tack coats and thin-bonded overlay systems.  
To further assess the IBT test results, field performance of the test sections after 68 months 
of overlay placement were compared as shown in Figures 3-22 and 3-23 (It is important to note 
that all the test sections had similar crack severity before overlay placement). 
 
Figure 3-22: Transverse Crack Length after 68 Months (courtesy of Road Science LLC) 
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Figure 3-23: Longitudinal Crack Length after 68 Months (courtesy of Road Science LLC) 
 
According to Figures 3-22 and 3-23, the test sections in which the tack coat was applied 
through spray paver exhibited a significantly better cracking performance as compared to the test 
section which was paved using the conventional method. Moreover, the test sections paved with 
higher tack coat application rates and received PMAE showed better cracking performance as 
compared to the sections paved with lower tack coat application rates and received the CSS 
emulsion. Therefore, the field performance was in close agreement with the test results obtained 
from the IBT and SST tests.  
3.3   SUMMARY AND CONCLUSIONS 
A new fracture energy based Interface Bond Test (IBT) was introduced for the 
characterization of interface behavior between adjacent layers of asphalt concrete. The IBT test 
was evaluated in the context of laboratory and field samples produced with different interface 
treatments. Results from the IBT test were also compared to direct tension tests, and similar 
trends were found to exist.  However, the differences in interface fracture energy were much 
more pronounced than the bond energy values obtained with the direct tension test, probably 
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owing to factors such as differences in test temperature and differences between the testing 
modes (displacement controlled direct tension testing on an un-notched specimen versus crack-
mouth opening controlled fracture testing on a front- and edge-notched specimen).    
From this part of study the following conclusions can be drawn: 
a. The results of the lab and field studies demonstrate the ability of the IBT and direct 
tension test to clearly distinguish between samples produced with different tack coat 
application rates and from differences in bonding arising from the use of modified vs. 
unmodified tack coat material. This conclusion is supported by the following findings: 
I. The interfaces in which the tack coat was applied using spray paver showed 
higher bond energy as compared to the interfaces where the tack coat was applied 
using the conventional method (distributor and HMA paver). The Polymer 
Modified Asphalt Emulsion (PMAE) tack coat seems to enhance the bond 
strength between HMA layers as compared to CSS type. 
II. For lab-compacted specimens, increasing the wet tack coat application rate up to 
0.9 l/m
2
 (0.2 gal/yd
2
) resulted in progressively higher fracture energy at -12
o
C in 
the IBT. A similar trend was observed for field cores (up to 0.68 l/m
2
 (0.15 
gal/yd
2
). In both cases (lab and field specimens), a peak had not yet been 
identified. 
b. As compared to results from studies involving shear-type interface tests, the interface 
tensile bond test and direct tension test results suggest that a significantly higher tack coat 
rate is needed to create a strong adhesive bond between layers at low and intermediate 
temperatures as compared to the typical range of optimum tack rate resulting from shear 
strength tests. For the mixtures tested in this chapter, the data from the IBT and direct 
tension tests suggests that a peak fracture energy or a peak bond energy had not yet been 
reached at a wet tack coat application rate of 0.68 l/m
2
 (0.15 gal/yd
2
).   
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As the complementary part of this chapter and in order to gain additional insight toward the 
optimum tack coat rate as determined by shear strength and tensile type tests, further 
investigation was performed and the results obtained from the IBT test were compared with the 
results obtained from the direct shear test and torque bond test as described in the following 
sections. 
 
3.4   COMPARISON BETWEEN OPTIMUM TACK COAT APPLICATION RATES AS 
OBTAINED FROM THE IBT AND DIRECT SHEAR TEST 
3.4.1   Direct Shear Test  
In this part of study, a custom-designed shear test device, developed by Al-Qadi et al. [6], 
was used to evaluate interface shear strength. The test involves the application of a direct shear 
load and the measurement of the resulting shear displacement. The interface shear strength can 
be calculated by measuring maximum shear load divided by fracture area. The shear fixture is 
placed in an environmental chamber capable of controlling the temperature to within ±0.2°C. 
The test mechanism is such that one layer is held stationary while the other layer is loaded with a 
specific shear displacement rate. The specimens that were used in this study had a diameter of 
100 mm (4 in.) and height of 120 mm (4.72 in.). Testing was conducted at 25  (77°F) in 
monotonic mode at a constant loading rate of 5 mm/min. The test setup and typical failed 
specimens are shown in Figure 3-24. 
        
Figure 3-24: Direct Shear Test Device and Typical Failed Specimens 
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3.4.2   Experimental Study 
Five sets of mixture specimens were used in this part of study, which represented residual 
tack coat application rates of 0, 0.23, 0.46, 0.55, and 0.68 l/m
2
 (0, 0.05, 0.1, 0.12, and 0.15 
gal/yd
2
). The tack coat materials used in this part were Trackless and SS-1hp (Slow Set, low 
viscosity, polymer modified), with asphalt residues of 58% and 61% by volume, respectively, 
obtained from a local emulsion supplier. A 19 mm nominal maximum aggregate size HMA 
mixture was obtained from a drum plant in IL, which contained 5.5% asphalt binder (PG64-22). 
The mixture gradation is presented in Table 3-2.  
     Table 3-2:  Mix Gradation 
 Sieve Size 1" 3/4" 1/2" 3/8" #4 #8 #16 #30 #50 #100 #200 
 % Passing 100 96.1 84.2 76.8 52.9 33.9 21.2 13.3 7.7 5.3 4.5 
 
In order to prepare the specimens in the laboratory, the loose mix was compacted into a 
cylinder of 60 mm (2.36 in.) height and 100 mm (4 in.) diameter for the direct shear test and 50 
mm (2 in.) height and 150 mm (6 in.) diameter for the IBT, using a Superpave gyratory 
compactor. The tack coat material was then applied using a paint brush on the surface of the 
specimen, which was already compacted. Tack coat application rate was assessed by measuring 
the weight of the specimen before and after applying the tack coat. Loose mix was then placed 
on the tack-coat treated specimen and was compacted to produce 120 mm (4.72 in.) and 100 mm 
(4 in.) tall composite specimen for the Direct Shear Test and IBT, respectively. Approximately 
90 gyrations were required in each compaction step to arrive at the target air void level of 7%.  
 
3.4.3   Test Results and Discussion  
After preparing the first set of specimens, which were to be used for direct shear test, 
specimens were placed in the cooling chamber at a conditioning temperature of 25  (77°F) for 2 
hours. Shear tests were then performed using a monotonic loading rate of 5 mm/min. A 
61 
 
comparison between Trackless and SS-1hp tack coat material using shear test is shown in Figure 
3-25. 
 
Figure 3-25: Comparison between SS-1hp and Trackless Tack using Direct Shear Test 
 
As can be seen in Figures 3-25, the optimum tack coat application rates as obtained from 
shear-type testing occurred at residual tack coat application rate of about 0.23 l/m
2
 (0.05 gal/yd
2
) 
for both SS-1hp and Trackless Tack, which is in good agreement with previous findings 
presented in the literature. Figure 3-25 also suggests that the Trackless tack coat provides a better 
shear strength as compared to SS-1hp. The Coefficient of Variation (COV) of the results range 
between 5 and 19% showing that the test provides acceptable repeatability.  
After preparing the second set of specimens, which were to be used for IBT testing, the 
required edges of the specimens were trimmed and notches and grooves were fabricated on each 
specimen. After gluing the aluminum platens using epoxy, gage points were mounted onto the 
specimens. The specimens then were conditioned in the cooling chamber for 2 hours at the 
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testing temperature of -12  (10.4°F) and the IBT test was performed with a CMOD rate of 0.5 
mm/min. The obtained fracture energies are shown in Figures 3-26. 
 
Figure 3-26: Comparison between SS-1hp and Trackless Tack using IBT 
 
Figure 3-26 suggests that the optimum tack coat application rate from the standpoint of 
fracture energy from tensile testing occurs at a residual application rate of about 0.55 l/m
2
 (0.12 
gal/yd
2
) for both the Trackless and SS-1hp tack coat materials. In addition, Figure 3-21 clearly 
shows that the SS-1hp tack coat material has superior interface fracture energy at low 
temperature as compared to the Trackless tack coat. The Coefficient of Variation (COV) of the 
results range between 4 and 15% showing that the test provides acceptable repeatability.  
Another interesting trend is the comparison of interface properties between zero tack coat 
and the lowest tack coat rate (0.23 l/m
2
 (0.05 gal/yd
2
)).  The shear test indicated only a small 
difference between the bonding characteristics of these two systems.  However, the IBT tensile 
test indicated a very significant difference between the specimens produced in these two 
conditions.  Previous studies have suggested that tack coat may not be necessary to achieve well 
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bonded pavement.  However, this study demonstrates that even in the presence of very small 
interface tensile stress, pavement debonding may occur in systems containing no tack coat. 
Thus, both the optimum tack coat rate and the relative ranking of tack coat materials from a 
performance standpoint showed differing trends when testing in shear versus tension. This 
suggests the importance of both tests in considering the overall bonding characteristics of a given 
tack coat system when both shear and tension characteristics are deemed to be important.  
Clearly, additional laboratory work and field validation is needed to develop a system whereby 
the tack coat system can be optimized such that both high- and low-temperature interface bond 
characteristics can be controlled to desired levels. 
3.5   COMPARISON BETWEEN OPTIMUM TACK COAT APPLICATION RATES AS 
OBTAINED FROM THE IBT AND TORQUE BOND TEST 
3.5.1   Torque Bond Test 
In order to evaluate the interface bonding in torsional shear mode, the Torque Bond Test, 
initially developed in Sweden for the in-situ evaluation of bond strength, was used in this part of 
study [69].  In this test, after coring the pavement to about 20 mm below the interface, torque is 
applied manually to the top of the overlay surface until interface failure occurs. The maximum 
torque that the interface can tolerate before failure occurs is measured and used to calculate the 
interface bond strength. In order to conduct the test in laboratory, fabricated specimens are 
clamped below the interface using a gripping unit. After gluing a steel plate to the top of the 
overlay using epoxy, a torque wrench is mounted to the steel plate and the torque is applied until 
the interface failure occurs [70]. The force required for failure is recorded, along with the 
location of the failure and temperature of the interface. The bond strength for the specimen is 
finally calculated using the following equation: 
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Where,  
   = interlayer bond strength (kPa) 
  = peak Value of applied shearing torque (N·m) 
  = diameter of core (mm) 
 
3.5.2   Experimental Study 
Five sets of specimens were used in this part, representing residual tack coat application rates 
of 0, 0.09, 0.23, 0.46, and 0.68 l/m
2
 (0, 0.02, 0.05, 0.1, and 0.15 gal/yd
2
).  The tack coat materials 
used in this study were Trackless (non-polymer modified) and SS-1hp (slow setting polymer 
modified) (with asphalt residues of 58% and 61% by volume, respectively) obtained from a local 
emulsion supplier. A 19 mm (3/4 in.) nominal maximum aggregate size HMA mixture with 5.6% 
asphalt binder (PG64-22) was obtained from a counter flow drum-type plant at Open Road 
Paving in Champaign, Illinois. The mixture gradation is presented in Table 3-3.                                                
      Table 3-3:  Mix Gradation 
Sieve Size 1" 3/4" 1/2" 3/8" #4 #8 #16 #30 #50 #100 #200 
% Passing 100 96.1 84.2 76.8 52.9 33.9 21.2 13.3 7.7 5.3 4.5 
 
In order to prepare the specimens in the laboratory, the loose mix was compacted into a 
cylinder of 50 mm (2 in.) height and 100 mm (4 in.) and 150 mm (6 in.) diameter for the Torque 
Bond Test and IBT, respectively, using a Superpave gyratory compactor.  This represents the 
bottom half of the test specimen. The tack coat material was then carefully applied using a paint 
brush on the surface of the specimen. Tack coat application rate was accurately controlled by 
measuring the weight of the specimen before and during application of the tack coat. Loose mix 
was then placed on the tack-coat treated specimen and was compacted again in the Superpave 
gyratory compactor to produce a 100 mm (4 in.) tall composite specimen. 
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3.5.3   Test Results and Discussion 
After cutting the gyratory compacted specimens into the IBT geometry, drying to ambient 
moisture conditions, affixing the aluminum platens using epoxy and mounting gage points onto 
the specimens, the specimens were placed in an environmental chamber at a conditioning 
temperature of -12°C (10.4°F) for 2 hours. The IBT test then was performed with CMOD rate of 
0.5 mm/min. All IBT testing was performed with an Instron 8500 servo-hydraulic load frame 
with an environmental chamber capable of controlling temperature to within ±0.2°C. Load was 
measured with a 10 kN load cell and the crack mouth opening displacement (CMOD) was 
measured with an epsilon model 3541-0020-250-ST clip-on gage. The Load-CMOD curves 
obtained from the tests were recorded and fracture energies were calculated as shown in Figure 
3-27. 
 
Figure 3-27: Average Interface Fracture Energies for Different Residual Tack Coat Application 
Rates 
According to Figure 3-27, as the residual tack coat application rate increases, the interface 
fracture energy increases until it reaches to a peak value and then decreases. Thus, the optimum 
tack coat application rate from the standpoint of fracture energy from tensile type interface 
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testing occurs at a residual application rate of about 0.46 l/m
2
 (0.1 gal/yd
2
) for both SS-1hp and 
Trackless tack coat material. In addition, Figure 3-27 obviously shows that the SS-1hp tack coat 
material has superior interface fracture energy at low temperature as compared to the Trackless 
tack coat. Considering that the bulk material fracture energy of the same HMA mixture tested 
using IBT on a homogenous, notched specimen (no interface) was measured to have 301 J/m
2
, it 
was observed that the SS-1hp and Trackless tack coat material provided about one-half and one-
third of the bulk fracture energy, respectively. The Coefficient of Variation (COV) of the results 
range between 5 and 15% showing that the test provides acceptable repeatability.  
The Torque Bond Test was performed at a temperature of 22°C (71.6°F).  The torque wrench 
is manually rotated across an angle of 90° (parallel to the specimen’s surface) within about 30 
seconds, according to British Board of Agreement (BBA) guideline [70]. The laboratory test set-
up and a typical failed specimen after testing are shown in Figure 3-28. The obtained peak values 
of applied shearing torque were then recorded and the torque bond strengths were calculated. 
Figure 3-29 shows the torque bond strength results.  
  
 
 
 
 
 
Figure 3-28: Torque Bond Test Laboratory Setup and Failed Specimen 
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Figure 3-29: Average Torque Bond Strength for Different Residual Tack Coat Application Rates 
 
According to Figure 3-29, the optimum tack coat application rates as obtained from torsional 
shear-type testing occurred at a residual tack coat application rate of 0.23 l/m
2
 (0.05 gal/yd
2
) for 
both SS-1hp and Trackless tack coat material. Moreover, Figure 3-29 suggests that the Trackless 
tack coat provides a better shear strength as compared to SS-1hp, which is in a good agreement 
with previous findings presented in the literature. The COV of the results range between 10 and 
30%, indicating that the test is not as repeatable as other interface bond tests. The relatively high 
COV is probably due to the manual nature of load application, which produces a non-uniform 
loading rate. In addition, bending stresses result from the inability of the operator to apply a 
perfectly in-plane torsional load.  Finally, the specimen rotates slightly within the clamp while 
torque is being applied, which can lead to variability in loading profile and loading rate.  
For the mixture and tack coat materials investigated herein, it was found that the tack coat 
application rate needed to create peak (or optimum) torsional shear strength at intermediate 
temperature was about half as much as that required to create optimum tensile fracture energy at 
low temperature.  This is in agreement with previously reported findings. In addition, it is 
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noteworthy to observe that the ranking of tack coat materials was reversed when comparing 
tension versus shear results.  Thus, tack coat materials that provide a high shear bond strength at 
intermediate temperatures may not provide a high degree of tensile fracture energy at low 
temperatures. As another means of comparison, the COV measured in the IBT was significantly 
better (about half as large) as that measured in the torque bond test.  On the other hand, the 
torque bond test has the advantage of simplicity and applicability to in-situ testing. 
The results suggest that availability of shear and tensile type bond tests allow the pavement 
designer to better tailor tack coat type and application rate to each specific application.  For the 
rehabilitation of uncracked or unjointed underlying pavement, and in warmer climates, 
maximization of interface shear properties would probably be given a higher weighting factor as 
compared to tensile properties. For the rehabilitation of cracked pavement structures, and in 
colder climates, the maximization of tensile bond properties would probably be given a higher 
weighting factor as compared to shear properties. An added benefit of the higher tack coat rate 
associated with the maximization of tensile bond fracture energy is the possibility of enhanced 
reflective and thermal cracking resistance of the overlay system.  This is particularly true in the 
case of gap-graded, spray-paver applied bonded overlay systems, as reported by Ahmed et al. 
[67, 71].   
After realizing that the existing fracture mechanics principles can be successfully used to 
evaluate the bonding between adjacent pavement layers, since the test results as obtained from 
tensile type fracture energy based tests were found to be different than that of the available shear 
strength type tests, additional research was conducted as described in Chapters 4 and 5 to 
determine a systematic approach (testing suite) to optimize tack coat material and application 
rate on the basis of providing sufficient shear and tensile properties using fracture mechanics 
approach. 
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CHAPTER 4 
THREE-POINT BENDING NOTCHED BEAM INTERFACE BOND TEST 
 
After confirming that the existing fracture mechanics principles can be successfully used to 
evaluate the bonding between adjacent pavement layers, in order to gain additional insight 
towards the mechanisms of interface debonding and its prevention, two new test configurations 
having the same geometry but different fracture loading modes were developed. The new tests 
are Three-Point Bending Notched Beam and Four-Point Shear Notched Beam Interface Bond 
Tests and will be described in this chapter and Chapter 5. 
Therefore, the main objectives of this chapter are: (a) to describe the selection and 
development of a new three-point bending notched beam fracture test that can be used to 
evaluate the bonding between adjacent pavement layers under Mode I (tension Mode) and 
Mixed-Mode (combination of tension and shear Mode) loading conditions; (b) to provide a 
detailed description of testing and analysis method developed in this research, and; (c) to assess 
the test through testing of field specimens and finite element simulation. 
4.1   TEST DEVELOPMENT 
4.1.1   Selection of Test Configuration 
During the process of selecting the configuration for the new fracture energy based interface 
bond test, several criteria were considered. Those criteria were as follows: 
 Test simplicity, including specimen fabrication, test performance and test fixture 
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 Ability of the test to generate fundamental fracture data that can be used in computational 
models 
 Ability of the test to produce acceptable stress state including simple stress field and 
minimal end effects (density variations, aggregate segregation, etc.) 
 Compatibility of the test with principles outlined in RILEM (1991) for notched fracture 
test specimens [65] 
Considering that interface debonding can happen in both shear and tension, investigation of 
Mixed-Mode debonding failures (combination of Mode I and Mode II) is also of importance. 
Therefore, another significant factor in selecting of the new test configuration was the ability of 
the test to evaluate interface bond under Mixed-Mode as well as pure Mode I fracturing. As other 
researchers have shown, the three-point bending notched beam test can be easily modified to 
assess material behavior in Mixed-Mode cracking by simply offsetting the notch from the center 
of loading [35, 72, 73].  Although the degree of mode-mixity is limited, by varying the offset 
distance of the notch away from the center of the beam, different levels of mode-mixity can be 
created. After determining that the three-point bending notched beam test configuration fulfilled 
the required criteria, the next step was to develop the specimen geometry, test procedure and 
analysis.  
4.1.2   Specimen Geometry and Preparation 
The initial beam dimensions were selected based on the capability of the Superpave gyratory 
compactor that was used to compact the asphalt mixture, which could produce cylindrical 
specimens 180 mm in height by 150 mm in diameter. To minimize material waste, and to reduce 
end effects, it was decided that two beams would be cut from each cylinder to the final 
dimensions of 180 mm long by 100 mm tall by 50 mm wide using a water-cooled masonry saw, 
as shown in Figure 4-1.  
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Figure 4-1: Three-Point Bending Notched Beam Specimen Geometry  
 
Like other fracture energy based interface bond tests (such as the IBT), in the new test, the 
plane of the fabricated notch was made to coincide with the plane of the interface to be tested. It 
should be noted that for standardized fracture tests, the required notch-to-depth ratio is generally 
between 0.45 and 0.55 [65]. However, this ratio is not always followed for asphalt concrete 
fracture testing, as smaller ligament lengths can produce undesirable test results such as large 
statistical variation and crack initiation under specimen weight [35]. Therefore, a mechanical 
notch was fabricated with a depth of 30 mm to produce a notch-to-depth ratio of 0.3 using a tile 
saw, with a 1 mm wide blade. The final dimensions of the three-point bending notched beam 
specimen are shown in Figure 4-2. 
 
Unit: mm 
L H W n 
180 100 50 30 
 
Figure 4-2: Dimensions of the Three-Point Bending Notched Beam Specimen 
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4.1.3   Test Procedure and Analysis 
The test involves the application of a compressive load under a simply supported, three-point 
bending configuration (with a span of 150 mm), and the measurement of Crack Mouth Opening 
Displacement (CMOD) with a clip-type extensometer (Figure 4-3(a)). In order to provide stable 
post-peak fracture, the test is controlled using a constant CMOD rate. This is especially critical 
for testing geometries and/or materials exhibiting potentially unstable fracture behavior, such as 
interface bond tests. The interface fracture energy can be calculated as the area under the load-
CMOD curve normalized by the initial ligament length and beam width (fracture surface) as 
shown in Figure 4-3(b).  
Test trials were conducted and demonstrated that the self-weight of the beams produced 
negligible change in CMOD; thus the self-weight of the beam was deemed as negligible for the 
specified test geometry. For application of load, an Instron 8500 servo-hydraulic load frame was 
used with a custom LabVIEW data acquisition program to collect the required load and CMOD 
data versus time, along with ram displacement (although the ram displacement not strictly 
needed for routine testing and analysis). A sampling rate of 20 samples per second was used. 
Load was measured with a 10 kN load cell, while the Crack Mouth Opening Displacement 
(CMOD) was measured with an epsilon model 3541-0020-250-ST clip-on extensometer gage. 
The CMOD gage was attached to the beam using knife-edge gage points that were glued to the 
edge of the notch as shown in Figure 4-3(a). 
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                                     (a)                                                                (b) 
Figure 4-3 (a) Three-Point Bending Notched Beam Test Setup (Mode I) and (b) Typical Load-
CMOD Curve 
 
4.2   EXPERIMENTAL STUDY 
An experimental design was developed to evaluate the interface bond between layers of a 
composite pavement (asphalt concrete overlay placed over a Portland cement concrete 
pavement) and to investigate interface fracture behavior at different CMOD loading rates and 
testing temperatures using the new three-point bending notched beam test configuration. Twelve 
sets of specimens (a total of 36 specimens) were used in this study. The specimens were 
fabricated out of the 150 mm diameter cores taken from an existing composite pavement (100 
mm HMA over 150 mm of Portland cement concrete (PCC)) constructed at the full scale 
pavement testing facility at the Advanced Transportation Research and Engineering Laboratory 
(ATREL) of the University of Illinois, located in Rantoul, IL.  
In the composite pavement test section at ATREL, a 9.5 mm nominal maximum aggregate 
size (NMAS) asphalt concrete overlay containing 6.9% asphalt binder (PG64-22) was placed on 
top of a jointed-plain concrete slab, having a textured surface (hand-textured with a broom) and a 
thickness of 150 mm. The tack coat material and application rate used were CSS-1h and 0.08 
gallons per square yard (0.36 l/m
2
) wet application rate. More information regarding the 
composite pavement section have been reported elsewhere [56]. The cores were then fabricated 
CMOD gage 
Load 
Roller 
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into the three-point bending notched beam specimens and the notch was fabricated to coincide 
with the HMA-PCC interface in the pavement structure (Figure 4-4).  
 
Figure 4-4: Process of Sample Preparation 
 
After fabrication and air drying for 20 hours, specimens were placed in the cooling chamber 
to arrive at the desired conditioning temperature for 2 hours before testing. Tests were then 
performed under three different CMOD loading rates (0.1 mm/min, 0.2 mm/min, and 0.3 
mm/min) and four different testing temperatures (-12°C, 0°C, 12°C, and 25°C). Pictures of the 
test setup, failed specimens, and typical load-CMOD curves for samples tested at -12°C under 
CMOD loading rate of 0.1 mm/min, along with the obtained coefficient of variation (COV) are 
shown in Figures 4-5 and 4-6, respectively. 
Figure 4-5: Specimens during and after the Three-Point Bending Notched Beam Test 
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Figure 4-6: Typical Load-CMOD Curves from the Three-Point Bending Notched Beam Test 
(Testing temperature: -12⁰C, loading rate: 0.1 mm/min) 
 
4.3   TEST RESULTS AND DISCUSSION  
Figure 4-7 shows the Load-CMOD curves obtained from four pairs of specimens tested at 
four different temperatures (-12°C, 0°C, 12°C, and 25°C) with loading rate of 0.1 mm/min.  A 
similar trend was found for other sets of specimens under different loading rates.  
 
Figure 4-7: Load-CMOD Curves at Different Testing Temperatures with Loading Rate of 0.1 
mm/min 
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Figures 4-8 and 4-9 show the average peak loads and fracture energies obtained from 12 sets 
of specimens tested at different temperatures and loading rates (average of 3 replicates). 
 
Figure 4-8: Average Peak Loads obtained from Specimens Tested at Different Temperatures and 
Loading Rates 
 
Figure 4-9: Average Fracture Energies obtained from Specimens Tested at Different 
Temperatures and Loading Rates 
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As shown in Figure 4-8, with decreasing temperature from 25°C to -12°C, the peak load 
increases, and the interface is found to behave in progressively more brittle fashion. A similar 
trend was observed when increasing the loading rate from 0.1 mm/min to 0.3 mm/min. 
According to Figure 4-9, as testing temperature increases, the interface fracture energy increases 
until reaching a peak value around 12°C and then decreases. Moreover, as loading rate increases, 
the interface behaves in a more brittle manner, which results in a reduction of the calculated 
interface fracture energy. Brittle response was noted for the tests conducted at -12°C under a 0.3 
mm/min loading rate, as no post-peak softening behavior was observed (i.e., sudden failure 
occurred). The coefficient of variation for the data shown in Figures 4-8 and 4-9 ranges from 4% 
to 25% which is within an acceptable range for interface bond tests and infrastructure material 
fracture testing in general. 
The trend of increasing interface fracture energy with increasing temperature until a peak 
value can be attributed to the reason that the interface behaves in a more ductile manner as the 
temperature increases which can cause more energy to be consumed for a crack to initiate and 
propagate at the interface. This can be clearly seen from longer portion of the softening curves in 
Figure 4-7. The decrease in interface fracture energy after a peak value can be linked to the 
severe decrease in peak loads at temperatures more than 12°C as can be seen in Figure 4-7. The 
increase in fracture energy with increasing temperature until a peak load and then decrease after 
that agrees with the finding of Hakimzadeh et al. [74] in which the analysis of the data showed a 
significant temperature influence on the interface fracture energy. 
 
4.4   EFFECT OF MOISTURE CONDITIONING 
 In order to evaluate the effect of moisture on peak load and interface Mode I fracture energy 
and further evaluate the sensitivity of the three-point bending notched beam test, a modified 
version of AASHTO T283-02 [75] was used for conditioning PCC-HMA specimens. In this part 
of study, two sets of specimen (three replicates each) were used to represent the control and the 
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moisture damaged subsets. To moisture condition specimens, the specimens were first placed in 
the vacuum container at 13-67 kPa (1.9-9.7 psi) pressure until they reached a level of saturation 
between 70% to 80%. The specimens then were placed in a water bath at 60  C (140  F) for 24 
hours followed by a water bath at 25 C (77  F) for two hours before testing. The specimens were 
then removed from the water bath and tested in the environmental chamber at 25 C (77  F) under 
CMOD loading rate of 0.3 mm/min. The obtained peak loads and fracture energies for each 
subset are shown in Figures 4-10 and 4-11. 
 
Figure 4-10: Peak Loads obtained from Control and Moisture Conditioned Subsets 
 
Figure 4-11: Mode I Fracture Energies obtained from Control and Moisture Conditioned Subsets 
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According to Figures 4-10 and 4-11, moisture conditioning significantly decreases the peak 
loads and fracture energies under Mode I (tensile Mode) loading condition.  The obtained Mode I 
fracture energy ratio in this case was found to be 34% showing the significant effect of moisture 
damage on interface bonding.  Given the fact that a zone of higher air voids generally exists at 
the interface between pavement layers for overlays placed using traditional methods (i.e., tack 
coat placed with distributor system, standard paver used for mixture laydown), this finding 
suggests the potential vulnerability of pavement interfaces in the presence of moisture.  Future 
work should investigate the effect of freeze-thaw cycles on interface bond behavior. 
4.5   MIXED-MODE FRACTURE 
Considering that interface debonding can result from both shear and tension, an 
understanding of the Mixed-Mode fracture behavior at pavement layer interfaces is also very 
important. A key advantage of using a notched beam configuration is that the beam can be easily 
manipulated to test for Mixed-Mode fracture properties. In order to run the three-point bending 
notched beam interface bond test in Mixed-Mode, the point of load application was shifted away 
from the center of the beam, thereby inducing a shear component at the interface in addition to 
bending. Figure 4-12 shows the experimental setup of the three-point bending notched beam 
interface bond test in Mixed-Mode.  
 
Figure 4-12: Test Setup of the Three-Point Bending Notched Beam Interface Bond Test under 
Mixed-Mode  
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During preliminary testing, a single specimen composed of the same materials and 
dimensions as the Mode I specimens (L=180 mm, W= 50 mm, h=100 mm, n=30 mm), was 
tested in Mixed-Mode with a load offset distance of 20 mm and at temperature of -12°C under a 
CMOD loading rate of 0.1 mm/min. The resulting load-CMOD curves were recorded and the 
obtained fracture energy was calculated and compared with Mode I results as shown in Figure 4-
13.  
  
Figure 4-13: Comparison of Load-CMOD Curves for Mode I and Mixed-Mode Testing  
 
As expected, the peak load and fracture energy obtained from the test under Mixed-Mode is 
significantly higher than Mode I results as shown in Figure 4-13. From the preliminary test and 
by measuring sliding at the interface using a Crack Tip Sliding Displacement (CTSD) gage, it 
was found that the CMOD gage in Mixed-Mode would not measure pure tensile opening, but 
would measure the combination of tensile opening and shear sliding. This is in full agreement 
with previous studies which demonstrated that Mixed-Mode testing using the three-point 
bending notched beam configuration was difficult to control with CMOD control [35, 76]. 
Therefore, better ways to control the test in Mixed-Mode such as using load-line displacement 
control or modified CMOD control is necessary.  Although the fracture energy parameter 
obtained in the Mixed-Mode test is mode-mixity dependent and not a fundamental parameter, the 
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long-term goal of the research is to couple fracture modeling with fracture testing, to obtain 
fundamental local, Mixed-Mode fracture properties from the test, to validate the parameters by 
simulating other Mixed-Mode tests with the calibrated model, and finally, to use the validated 
model to simulate debonding in actual pavement structures.  Clearly, significant additional work 
is still needed to achieve these long term objectives; however, the results obtained herein are a 
promising first step in this direction. 
 
4.6   NUMERICAL SIMULATION OF THE TEST 
 
In order to further validate the Single Edge Notched Beam Interface Bond Test as a valid 
interface fracture test to evaluate pavement bonding, numerical simulation was conducted using 
the commercial finite element software ABAQUS. A secondary objective was to use the model 
as a means to extract local fracture properties from test results using inverse analysis techniques.  
Because of the geometry of the test specimen and for the sake of simplicity, 2D plane strain 
conditions were assumed. In addition, the materials were assumed to be homogeneous and the 
HMA and PCC bulk material response were considered as linear viscoelastic and linear elastic, 
respectively. The finite element mesh, loading details, and boundary conditions used for the 
simulation are shown in Figure 4-14.  
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Figure 4-14: Representation of (a) Finite Element Mesh and Boundary Conditions, (b) Details of 
Mesh along Cohesive Elements, and (c) Cohesive Elements 
 
The mesh consisted of 13060 nodes, 12680 Q4-type bulk elements, and 140 cohesive 
elements. Cohesive elements were inserted from the notch tip to the surface of the specimen at 
the loading head to simulate crack propagation along the interface as shown in Figure 4-14. The 
Indirect Tensile Test (IDT) as specified in AASHTO T322 [62] was used to achieve the material 
viscoelastic properties. After interconverting the creep compliance master curve obtained from 
the IDT to arrive at a relaxation modulus master curve representation, a generalized Maxwell 
model (Maxwell elements arranged in parallel) was fitted to the relaxation modulus master curve 
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and model parameters were input to ABAQUS. In order to simulate crack initiation and 
propagation ahead of the crack tip in the fracture process zone under Mode I , a cohesive zone 
model (CZM) with linear softening (developed by Song et al. [52, 60]) was employed. The 
cohesive zone model requires seed values for local material tensile strength and fracture energy. 
Seed values were obtained experimentally in the lab; local fracture energy was assumed to be 
equal to experimentally determined fracture energy from the three-point bending notched beam 
test, and tensile strength was taken as the indirect tensile strength of the asphalt concrete. Figure 
4-15 shows a schematic representation of the cohesive zone model along with its traction-
separation relationship.  
 
Figure 4-15: Schematic of Cohesive Zone Model and Bilinear Traction-Separation Relationship 
The Mode I fracture test simulation was run with a roller and pin support at the bottom of the 
sample with a CMOD rate of 0.1 mm/min at 0 C to match the laboratory testing conditions. The 
load and CMOD values obtained from the simulation are provided in Appendix D. Figure 4-16 
shows stress contours in the x-direction at different loading steps during the simulation. The 
formation of a complete Fracture Process Zone (FPZ) (zone in which material undergoes 
softening damage) and its movement toward the loading head during the crack propagation 
which are necessary requirements for a valid fracture test of quasi-brittle material are visible. 
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Figure 4-16: Stress Contours in x-direction from the Three-point Bending Notched Beam 
Interface Bond Test Simulation (Mode I) 
Figure 4-17 presents the load-CMOD curves as obtained from the simulation and laboratory 
testing along with as-measured global fracture energy from the test and local fracture energy 
utilized in the simulation. As can be seen in Figure 4-17, the shape of the Load-CMOD curves 
were simulated correctly and with minor calibration, local interface fracture material properties 
can be extracted from the test. Local properties are useful in subsequent modeling of other tests 
(perhaps for test or model validation), and moreover, for accurate modeling of pavement 
structures. 
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Figure 4-17: Comparison between Laboratory Results and Numerical Simulation (testing temp = 
0 C, loading rate= 0.1 mm/min) 
 
 
Although promising Mixed-Mode experimental results were obtained, coupled testing and 
modeling was required to derive fundamental local material properties from the Mixed-Mode test 
results, which can then be used in the simulation of debonding in actual pavement structures. 
Such simulations can be used to gain additional insight towards the mechanisms of interface 
debonding in actual pavement systems, and to mitigate its occurrence through the development 
of interface systems developed to resist tensile and shear stresses as guided by advanced fracture 
testing and numerical simulation. 
In order to simulate crack initiation and propagation ahead of the crack tip in the fracture 
process zone under Mixed-Mode, the PPR cohesive zone model as described in Chapter 2 was 
used. The Mixed-Mode fracture test simulation with a load offset distance of 20 mm was run 
with a roller and pin support at the bottom of the sample with a CMOD rate of 0.1 mm/min at     
-12 C to match the laboratory testing conditions. Figure 4-18 shows stress contours in the x-
direction at different loading steps during the simulation.  As shown in Figure 4-18, the PPR 
86 
 
cohesive zone model was able to simulate crack initiation and propagation under Mixed-Mode 
loading condition. 
 
 
Figure 4-18: Stress Contours in x-direction from the Three-Point Bending Notched Beam 
Interface Bond Test Simulation (Mixed-Mode) 
Figure 4-19 shows the load-CMOD curves as obtained from the simulation and laboratory 
testing along with as-measured global fracture energy from the test and local fracture energy 
utilized in the simulation. As shown in Figure 4-19, the shape of the Load-CMOD curves were 
simulated correctly and with minor calibration, local interface fracture material properties can be 
extracted from the test.  
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Figure 4-19: Comparison between Laboratory Results and Numerical Simulation                
(testing temp = -12 C, loading rate= 0.1 mm/min) 
 
 
4.7   SUMMARY AND CONCLUSIONS 
A three-point bending notched beam interface bond test was introduced for the 
characterization of the interface behavior between adjacent pavement layers.  After the initial 
development of the test, a testing program was developed to investigate test repeatability, to 
examine the effect of temperature and loading rate on interface fracture energy and to evaluate 
the feasibility of using the test configuration to assess Mixed-Mode interface fracture behavior. 
The test was evaluated using field-cored samples tested across a range of temperatures (-12°C, 
0°C, 12°C, and 25°C) and under varying CMOD loading rates (0.1 mm/min, 0.2 mm/min, and 
0.3 mm/min). According to the results, the peak loads and fracture energies obtained from the 
test followed expected trends, while the coefficient of variation of the test was found to be within 
the typical range reported for fracture energy based interface bond tests. Numerical simulation 
confirmed the suitability and ability of the test to extract local interface fracture properties with a 
relatively small calibration factor. From this study, the following conclusions were derived: 
Measured Fracture Energy: 222 J/m
2
  
Local Fracture Energy:     Φn= 60 J/m
2
  
 σmax= 1.8 MPa                  Φt = 199 J/m
2
 
 τmax= 3.6 MPa   α = β =3     λn = λt = 0.005 
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 The results of the lab study and finite element simulation demonstrated the ability of the 
three-point bending notched beam interface bond test to characterize the bond between 
adjacent pavement layers under varying temperature and loading rate conditions, as 
evidenced by stable test control and post-peak softening behavior and rational trends 
between fracture energy and test parameters.   
 The fracture energy parameter as measured in the three-point bending notched beam 
interface bond test seems to be a good indicator of the quality of the bond achieved 
between pavement layers. Increasing test temperatures from -12°C to 25°C resulted in 
increased interface fracture energy until a maximum value was reached at approximately 
12°C, after which increased temperature resulted in decreased interface fracture energy. 
 Increased loading rates ranging from 0.1 mm/min to 0.3 mm/min resulted in decreased 
interface fracture energy.  
 Reduction of temperature from 25°C to -12°C or increased loading rate from 0.1 mm/min 
to 0.3 mm/min resulted in an increase of obtained peak load. 
 The peak load and fracture energy obtained from the three-point bending notched beam 
interface bond test under Mixed-Mode is significantly higher than that obtained in Mode I 
testing. 
 The Potential-based PPR cohesive zone model was shown to be a promising and useful tool 
to model the fracture process zone ahead of crack tip in asphalt concrete under Mixed-
Mode loading condition. 
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CHAPTER 5 
FOUR-POINT SHEAR NOCHED BEAM INTERFACE BOND TEST 
 
This chapter focuses on the development of the Four-Point Shear Notched Beam Interface 
Bond Test. The main purposes of this chapter are: (a) to describe the selection and development 
of a four-point shear notched beam interface bond test that can be used to evaluate the bonding 
between pavement layers under Mode II (Shear Mode) loading condition; (b) to provide a 
detailed description of testing and analysis method developed in this research, and; (c) to assess 
the test through testing of field specimens, and finite element simulation using a unified 
potential-based cohesive zone model, which accounts for different fracture energies in different 
modes of fracture and provides a consistent traction-separation constitutive relationship under 
Mixed-Mode conditions. 
 
5.1   TEST DEVELOPMENT  
5.1.1   Selection of Test Configuration 
An attractive experiment that in the past several years has gained many researchers’ attention 
is the four-point shear beam test. That test not only has been utilized for testing concrete and 
rock, but also has its origins in the testing of metals [31, 77]. According to beam theory, in this 
experiment the high shear region develops in the district between the middle loads where 
moment is zero as shown in Figure 5-1(a). These characteristics made the experiment a good 
candidate to evaluate the bond between pavement layers under Mode II fracture if the plane of 
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interface to be tested is placed between the middle loads where shear load and moment have their 
maximum and minimum values, respectively, as shown in Figure 5-1(b). 
 
 
 
 
 
                              
                                              (a)                                                  (b) 
Figure 5-1: (a) Shear and Moment Distribution of Four-Point Shear Beam from Beam Theory, 
and (b) Proposed Four-Point Shear Notched Beam Interface Bond Test 
 
5.1.2   Specimen Geometry and Preparation 
The dimensions of the beam was selected to be the same as the dimensions of the three-point 
bending notched beam interface bond test presented in Chapter 4. In that test, to minimize 
material waste, and to reduce end effects, it was decided that two beams would be cut from each 
cylinder to the final dimensions of 180 mm long by 100 mm tall by 50 mm wide using a rotating 
diamond saw, as shown in Figure 5-2.  
 
Figure 5-2: Four-Point Shear Beam Geometry 
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In the new test, like previously developed fracture energy based interface bond tests 
described in chapters 3 and 4, the plane of the fabricated notch was made to coincide with the 
plane of the interface to be tested. The dimensions of the four-point shear notched beam 
specimen are shown in Figure 5-3. 
 
 
Unit: mm 
L H W n 
180 100 50 30 
 
Figure 5-3: Four-Point Shear Notched Beam Specimen Dimensions 
 
5.1.3   Test Procedure and Analysis 
In order to simulate real field conditions and normal load resulted from vehicle’s wheels on 
interface plane, a custom-designed fixture was built at the University of Illinois to apply axial 
confining pressure while the shear force is applied during the test as shown in Figure 5-4.   
 
 
 
92 
 
 
Figure 5-4: Four-Point Shear Notched Beam Interface Bond Test with Axial Confining Pressure 
Fixture 
The test involves the application of a compressive load (constant load line displacement) 
under a simply supported, four-point shear beam test configuration and the measurement of 
Crack Tip Sliding Displacement (CTSD) with a clip-type extensometer. For application of load, 
an Instron 8500 servo-hydraulic load frame was used with a custom LabVIEW data acquisition 
program to collect the required load and CTSD data versus time. Load was measured with a 100 
kN load cell, while the Crack Tip Sliding Displacement (CTSD) was measured with an epsilon 
model 3541-0050-200-ST clip-on extensometer gage. The CTSD gage was attached to the beam 
using knife-edge gage points that were glued ahead of the notch as shown in Figure 5-5. The 
axial confining pressure was applied using a fixture with pneumatic actuator. 
 
 
 
 
 
                                      (a)                                            (b)                               (c)                      
Figure 5-5: (a) Isometric View and (b) Elevation View of the Four-Point Shear Notched Beam 
Interface Bond Test, (c) Isometric View of CTSD Gage Point 
Specimen Pneumatic Actuator & Load Cell 
Fixed Plate Sliding Plate 
Fixed Plate 
Plastic Tubing 
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The output of the test is Load-CTSD curve. A typical load-CTSD curve at the environment 
temperature is shown in Figure 5-6. 
 
Figure 5-6: Typical Load-CTSD Curve obtained from the Four-Point Shear Notched Beam Test 
 
The two parameters that can be measured using the Load-CTSD curve are shear strength and 
Mode II fracture energy. Shear strength can be easily measured by dividing the obtained peak 
load by the initial ligament length and beam width (fracture surface) and the Mode II interface 
fracture energy can be calculated as the area under the load-CTSD curve until the load reaches its 
residual value (where the slope of the curve is equal to zero) normalized by the fracture surface.  
 
5.2   EXPERIMENTAL STUDY 
An experimental design was developed to evaluate the interface bond between layers of a 
composite pavement (asphalt concrete overlay placed over a Portland cement concrete 
pavement) and to investigate interface fracture behavior at different testing temperatures and 
moisture conditioned levels using the new four-point shear notched beam test configuration. Five 
sets of specimens (a total of 15 specimens) were used in this part of study. The specimens were 
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fabricated out of the 150 mm diameter cores taken from an existing composite pavement (100 
mm HMA over 150 mm of Portland cement concrete (PCC)) constructed at the full scale 
pavement testing facility at the Advanced Transportation Research and Engineering Laboratory 
(ATREL) of the University of Illinois, located in Rantoul, IL. In the composite pavement test 
section at ATREL, a 9.5 mm NMAS asphalt concrete overlay containing 6.9 % PG64-22 asphalt 
binder was placed on top of a jointed-plain concrete slab, having a textured surface and a 
thickness of 150 mm. The tack coat material and wet application rate used were CSS-1h and 0.08 
gallons per square yard. More information regarding the composite pavement section have been 
reported elsewhere [56]. The cores were then cut into four-point shear beam specimens and the 
notch was fabricated to coincide with the HMA-PCC interface in the pavement structure. 
After fabrication and air drying for 20 hours, specimens were placed in the cooling chamber 
to arrive at the desired conditioning temperature for 2 hours before testing. Tests were then 
performed under load-line displacement test control with a loading rate of 5 mm/min at four 
different testing temperatures (-12°C, 0°C, 12°C, and 25°C) with 10 psi (68.9 kPa) axial 
confining pressure. The experimental setup with the loading fixtures and clip-on CTSD gage is 
shown in Figure 5-7.  
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Figure 5-7: Experimental Setup of the Four-Point Shear Notched Beam Interface Bond Test  
 
5.3   TEST RESULTS AND DISCUSSION  
5.3.1   Temperature Effect 
Figure 5-8 shows interface shear strengths obtained from different testing temperatures under 
loading rate of 5 mm/min and axial confining pressure of 10 psi (68.9 kPa). The load-CTSD 
curves obtained at two extreme temperatures (i.e. 25⁰C and -12⁰C) are shown in Figures 5-9 and 
5-10.  
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Figure 5-8: Interface Shear Strengths at Different Testing Temperatures 
 
 
Figure 5-9: Load-CTSD Curves at 25  
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Figure 5-10: Load-CTSD Curves at -12  
 
According to Figure 5-8, with increasing testing temperature from -12 C to 25 C, interface 
shear strength decreases. This decrease in interface shear strength agrees with previous findings 
obtained from other shear strength tests and relates to the decrease of the tack coat material 
stiffness as the temperature increases. Temperature also appears to have a tremendous impact on 
the post peak material behavior. As can be seen in Figure 5-9 and 5-10, as the temperature 
decreases from 25 C to -12 C, the interface is found to behave in a progressively more brittle 
fashion, showing a complete softening curve at 25 C versus a very brittle failure with no 
softening curve at -12 C. Since the only parameter which was captured at -12 C was peak load, a 
testing temperature of 25 C was selected for subsequent testing.   
Another point that was found by comparing the peak loads obtained in this chapter and 
presented in chapter 4 is that Mode II peak loads were much greater than the peak loads obtained 
under Mode I loading condition. This can be attributed to the fact that the shear strength of 
bituminous materials is significantly higher than bituminous materials’ tensile strength [78].  
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Also Mode II failure involves the concurrent mobilization of a larger fracture surface as 
compared to Mode I.   
5.3.2   Moisture Conditioning Effect  
 In order to evaluate the effect of moisture on the interface shear strength and Mode II fracture 
energy and further assess the sensitivity of the four-point shear notched beam test, the standard 
conditioning procedure as described in AASHTO T283-02 was modified to be used for 
conditioning PCC-HMA specimens. Two sets of specimen (a total of 6 specimens) were used in 
this part of study to represent the control, and the moisture damaged subsets. To moisture 
condition specimens, the specimens were first placed in the vacuum container at 13-67 kPa (1.9-
9.7 psi) pressure until they reach a degree of saturation between 70% to 80% (Figure 5-11 (a)). 
The specimens then were placed in a bath containing water at 60 C (140 F) for 24 hours (Figure 
5-11 (b)). After 24 hours, the specimens were placed in a water bath at 25 C (77 F) for two 
hours before testing as shown in Figure 5-11 (c).  
              (a)                                       (b)                                                (c) 
Figure 5-11: (a) Vacuum Container, (b) Partially Vacuumed Specimens in 140 F (60  C) Water 
Bath, and (c) Specimens in 77 F (25 C) Water Bath 
 
The specimens were then removed from the water bath and tested in the environmental 
chamber at 25 C (77  F) with loading rate of 5 mm/min and axial confining pressure of 10 psi 
(68.9 kPa). The obtained Load-CTSD curves and shear strengths and fracture energies for each 
subset are shown in Figures 5-12, 5-13, and 5-14. 
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Figure 5-12: Comparison between Load-CTSD Curves obtained from Control and Moisture 
Conditioned Subsets 
 
Figure 5-13: Interface Shear Strengths obtained from Control and Moisture Conditioned Subsets 
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Figure 5-14: Mode II Fracture Energies obtained from Control and Moisture Conditioned 
Subsets 
 
According to Figures 5-12, 5-13, and 5-14, moisture conditioning significantly decreases the 
interface bond strength and fracture energy under Mode II (shear Mode) loading condition.  The 
obtained shear strength ratio in this case (56%) was in close agreement with finding of Al-Qadi 
et al. [13] in which a shear strength ratio of 57% was reported when comparing dry and moisture 
conditioned specimens. In addition, the obtained Mode II fracture energy ratio was found to be 
42% showing the significant effect of moisture on interface bond energy. 
 
5.4   NUMERICAL SIMULATION OF THE TEST 
In order to further validate the Four-Point Shear Notched Beam Interface Bond Test as a 
valid and useful interface fracture test to evaluate pavement bonding under Mode II, numerical 
simulation was conducted using the commercial finite element software ABAQUS. A secondary 
objective was to use the model as a means to extract local fracture properties from test results 
using inverse analysis techniques. Because of the geometry of the test specimen and for the sake 
of simplicity, 2D plane strain conditions were assumed. In addition, the materials were assumed 
0 
200 
400 
600 
800 
1000 
1200 
1400 
1600 
Control Moisture Damaged 
1,417 
593 
M
o
d
e 
II
 F
ra
ct
u
re
 E
n
er
g
y
 (
J/
m
2
) 
101 
 
to be homogeneous and the HMA and PCC bulk material response were considered as linear 
viscoelastic and linear elastic, respectively. The finite element mesh, loading details, and 
boundary conditions used for the simulation are shown in Figure 5-15.  
 
 
 
 
 
 
 
 
Figure 5-15: Representations of (a) Finite Element Mesh and Boundary Conditions, (b) Cohesive 
Elements, (c) Detail of Mesh along Cohesive Elements  
The mesh used in this study consisted of 13060 nodes, 12680 Q4-type bulk elements, and 
140 cohesive elements. Cohesive elements were inserted from the notch tip to the surface of the 
specimen along the interface as shown in Figure 5-15(c). In order to achieve the material 
Cohesive Elements 
Bulk Elements 
(b) (c) 
(a) 
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viscoelastic properties the Indirect Tensile Test (IDT) as specified in AASHTO T322 [62] was 
used. After interconverting the creep compliance master curve obtained from the IDT to arrive at 
a relaxation modulus master curve representation, a generalized Maxwell model (Maxwell 
elements arranged in parallel) was fitted to the relaxation modulus master curve and model 
parameters were input to ABAQUS.  
In order to simulate crack initiation and propagation ahead of the crack tip in the fracture 
process zone, the PPR cohesive zone model as described in Chapter 2 was employed. Seed 
values were obtained experimentally in the lab. Since the 2D PPR cohesive zone model was not 
able to handle friction, the accurate simulation of the post peak behavior at 25⁰C was not 
possible. Therefore, the Mode II fracture test simulation was run with a 5 mm/min displacement 
load at the top of the sample at -12 C. The obtained shear stress contours are shown in Figure 5-
16. 
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Figure 5-16: Shear Stress Contours obtained from the Four-Point Shear Notched Beam Interface 
Bond Test Simulation 
According to Figure 5-16, as the shear load increases, shear stress in the region where 
interface is located increases until it reaches to its maximum value. At that point the crack starts 
to propagate from the notch tip toward the surface until the specimen fails under Mode II 
completely. Figure 5-17 shows the load-CTSD curves as obtained from the simulation and 
laboratory testing along with local fracture energy utilized in the simulation. Load and CTSD 
values obtained from the simulation are provided in Appendix E. 
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Figure 5-17: Comparison between Laboratory Results and Numerical Simulation               
(testing temp = -12 C, loading rate= 5 mm/min) 
 
As mentioned earlier, at -12⁰C the interface behaves in a very brittle fashion with no 
softening curve. As shown in Figure 5-17, the sudden fracture causes the CTSD gage to fall off 
and cannot record all of the data points. According to Figure 5-17, the shape of the Load-CTOD 
curves were simulated suitably and with minor calibration, local interface fracture material 
properties can be extracted from the test.  
 
5.5   SUMMARY AND CONCLUSIONS 
In this chapter a new fracture mechanics based interface bond test, so called four-point shear 
notched beam interface bond test, was developed and introduced for the characterization of 
interface behavior between adjacent layers under Mode II loading condition. The proposed 
single-edge notched beam geometry is considered a practical specimen geometry that can be 
 Φn= 60 J/m
2
  
 Φt = 199 J/m
2
 
 σmax= 1.8 MPa  
τmax= 3.6 MPa  
 α = β =3 
 λn = λt = 0.005 
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easily fabricated from cylindrical cores obtained from laboratory and field specimens. The test 
was evaluated in the context of field samples, and finite element simulation. 
Based upon the results of his study, the following conclusions can be drawn: 
 Laboratory testing, and finite element simulations demonstrated the potential of the four-
point shear notched beam interface bond test for the practical evaluation of bond between 
pavement layers under Mode II (Shear Mode) fracture. 
 Reduction of test temperature from 25  to -12  resulted in an increase of interface shear 
strength and a decrease in Mode II fracture energy.  
 Moisture conditioning significantly decreased the interface bond strength and fracture 
energy under shear Mode (Mode II) fracture. 
 The Potential-based PPR cohesive zone model was shown to be a powerful and useful tool 
to model the fracture process zone ahead of crack tip in asphalt concrete under Mode II 
loading condition. 
A comparison between the proposed interface bond tests and their applications to field 
investigation along with a numerical simulation performed to simulate interface behavior in a 
full scale pavement structure using the fracture properties obtained from three-point bending and 
four-point shear notched beam interface bond tests will be presented in Chapter 6. 
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CHAPTER 6 
APPLICATION OF THE PROPOSED TESTS TO FIELD 
INVESTIGATION AND FULL SCALE PAVEMENT MODELING 
 
 
6.1   INTRODUCTION 
 
In the last three chapters three fracture energy based tests were introduced including the IBT, 
three-point bending notched beam test, and four-point shear notched beam test. This chapter 
describes the laboratory testing which was performed on the specimens obtained from a project 
in the state of Kansas constructed in 2013 along with a finite element simulation which was 
performed to simulate interface behavior in a full scale pavement structure using the fracture 
properties obtained from three-point bending and four-point shear notched beam interface bond 
tests as described in Chapters 4 and 5.  
 
6.2   FIELD INVESTIGATION  
 
As mentioned above, the first section of this chapter describes the field investigation which 
was performed on the cores obtained from a project in Emporia, KS constructed in June 2013. In 
that project, 50 mm (2 in.) of dense graded HMA (12.5 mm NMAS mixture containing 6.1% 
PG70-22 asphalt binder with 15% RAP) was placed through a RoadTec spray paver on top of the 
NovaChip, a high-performance ultrathin gap-graded wearing course, as shown in Figure 6-1. 
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Figure 6-1: Placement of 50 mm Thick Overlay on Top of the NovaChip using Spray Paver 
 
The project consisted of 5 test sections (1000 ft long each). The bonding agent for the control 
test section (test section A) was SS-1hp diluted 50/50 with water which was placed using a 
distributor truck while other test sections (test sections B, C, D, and E) were paved using a spray 
paver with different rates of Emulsion Bond Liquid (EBL) PMAE having 63% residue. The 
layout and wet tack coat application rates of the test sections are shown in Figure 6-2. 
 
Test section A Test section B Test section C Test section D Test section E 
0.36 l/m
2
 SS-1hp 
Distributor   
0.68 l/m
2
 EBL 
Spray paver 
0.9 l/m
2
 EBL 
Spray Paver 
1.13 l/m
2
 EBL 
Spray Paver 
1.58 l/m
2
 EBL 
Spray Paver 
 
Figure 6-2: Test Section Layout, Kansas 
 
150 mm (6 in.) cores were procured from the test section (three replicates from each section) 
following construction and later delivered to ATREL for testing. The cores were then fabricated 
into the IBT, three-point bending and four-point shear notched beam interface bond test 
specimens and notched so that the newly paved interface in the pavement structure was tested. 
Since the cores consisted of only 2 inches of dense graded and 1 inch of gap graded HMA, 
additional HMA layers were needed to be added before cutting the beams out of the cores. A 
Dense Graded Overlay 
Existing Pavement (NovaChip) 
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picture of the obtained specimens for the three-point bending and four-point shear notched beam 
tests after adding the extra HMA layers is shown in Figure 6-3: 
 
Figure 6-3: Elevation View of  the Three-Point Bending and Four-Point Shear Notched Beam 
Interface Bond Test Specimens after adding Additional HMA layers 
 
After drying the specimens and conditioning them for 2 hours at -12  and 25 , the 
specimens were tested in accordance with the test procedures presented for each test in previous 
chapters. The obtained Mode I and Mode II fracture energies for each test section along with the 
shear strengths are shown in Figures 6-4, 6-5 and 6-6. The Coefficient of Variation (COV) of the 
results range between 6 and 18%. 
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Figure 6-4: Fracture Energies obtained from the IBT and Three-Point Bending Notched Beam 
Test for Different Tack Coat Types and Residual Application Rates (testing temperature= -12 ) 
 
 
 
Figure 6-5: Shear Strengths obtained from the Four-Point Shear Notched Beam Test for 
Different Tack Coat Types and Residual Application rates (testing temperature= 25 ) 
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Figure 6-6: Mode I and Mode II Fracture Energies obtained from Three-Point Bending and Four-
Point Shear Notched Beam Tests for Different Tack Coat Types and Residual Application Rates. 
(testing temperatures= -12  and 25  for Three-Point Bending and Four-Point Shear Notched 
Beam Tests, Respectively) 
According to Figures 6-4, 6-5 and 6-6, the control test section in which SS-1hp material with 
residual tack coat application rate of 0.18 l/m
2
 was placed using distributor truck showed the 
poorest interface bonding. This was in agreement with the coring experience during which 
several cores from that section came out debonded as shown in Figure 6-7. 
 
Figure 6-7: Debonded Pavement Cores taken from the Test Section A (control test section)  
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As can be seen in Figure 6-4, as the residual tack coat application rate increases from 0.42 
l/m
2
 to 0.99 l/m
2
, the Mode I interface fracture energy obtained from both IBT and three-point 
bending notched beam tests increases until reaching a peak value around 0.71 l/m
2
 and then 
decreases. In addition, although the results obtained from the IBT and three-point bending 
notched beam tests show the same trend, the three-point bending notched beam test results in 
higher Mode I fracture energies. This is attributed to the fact that the tests have different 
geometries and loading configurations. 
According to test results obtained from the four-point shear notched beam test (Figures 6-5 
and 6-6), the optimum tack coat application rate based on shear strength criteria occurred at 
residual tack coat application rate of 0.42 l/m
2
 (0.09 gal/yd
2
) while the optimum tack coat 
application rate based on Mode II interface fracture energy criteria occurred at higher residual 
tack coat application rate of 0.71 l/m
2
 (0.16 gal/yd
2
) which is the same optimum tack coat 
application rate obtained from the IBT and three-point bending notched beam tests. Figure 6-6 
also shows that Mode II fracture energies as obtained from four-point shear notched beam test 
are significantly greater than Mode I fracture energies as obtained from the IBT and three-point 
bending notched beam tests. 
 
6.3   FULL SCALE PAVEMENT MODELING 
 
The main goal of this section was to demonstrate how the interface fracture properties 
obtained from the proposed interface bond tests can be used in a full scale pavement simulation 
of interface debonding behavior.  The type of debonding observed in a full scale pavement 
testing in 2008 at ATREL (Figure 6-8) was simulated, when a composite pavement was loaded 
using the ATLAS accelerated loading machine [56].  
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Figure 6-8: Accelerated Loading and Testing Assembly (ATLAS) Machine [56] 
 
In that project 4-inch thick overlay was paved on top of a 6-inch thick jointed plain concrete 
pavement (JPCP) placed on top of granular subbase with different joint conditions including 
doweled joints and saw-cut joints to create different levels of load transfer efficiency (LTE). One 
of the important observations of that project was the separation of the asphalt layer from the PCC 
in the vicinity of the joints with poor load transfer as shown in Figure 6-9. More details on that 
study can be found elsewhere [56]. 
 
Figure 6-9: Slab Faulting and Interface Debonding [56] 
 
In order to simulate the interface behavior in a full scale pavement, numerical simulation was 
conducted using the commercial finite element software ABAQUS. Figure 6-10 shows a 
schematic representation of the model domain which was evaluated in this section.  
Interface Debonding 
 HMA 
PCC 
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Figure 6-10: Model Domain Schematic 
 
Because of the geometry of the pavement and for the sake of simplicity, 2D plane strain 
conditions were assumed. Moreover, the materials were assumed to be homogeneous and the 
HMA and PCC bulk material response were considered as linear viscoelastic and linear elastic, 
respectively. Like previous finite element simulations, in order to define viscoelastic behavior of 
asphalt concrete, a generalized Maxwell model (Maxwell elements arranged in parallel) was 
input in ABAQUS. In order to represent semi-infinite subgrade boundaries, one-directional 
infinite elements were used. The finite element mesh, infinite elements, loading details, and 
boundary conditions used for the simulation are shown in Figure 6-11.  
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Figure 6-11: Finite Element Mesh 
   The mesh consisted of 46939 nodes, 46108 Q4-type bulk elements, and 117 cohesive elements. 
Cohesive elements were inserted along the HMA-PCC interface as shown in Figure 6-12. 
 
Figure 6-12: Model Details in the Vicinity of PCC Joint 
In order to simulate crack initiation and propagation in the vicinity of PCC joint, the PPR 
cohesive zone model as described in Chapter 5 was implemented within ABAQUS. As 
mentioned earlier, the PPR model accounts for different fracture energies in different modes of 
fracture (i.e. Mode I and Mode II) and provides a consistent traction-separation constitutive 
HMA 
PCC 
Bulk Elements 
Cohesive Elements 
Region 
shown in 
Figure 6-12 
PCC Joint 
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relationship under Mixed-Mode conditions [61]. The cohesive zone model requires seed values 
for local material strengths and fracture energies under Mode I and Mode II loading conditions. 
Seed values were obtained experimentally in the lab and local Mode I and Mode II fracture 
energies were obtained from the three-point bending and four-point shear notched beam tests, 
respectively as described in Chapters 4 and 5.  
The simulation was run with a 80 kN (18,000 lb) tire load applied on the surface of the 
pavement 20 cm far from the pavement centerline (as shown in Figure 6-11) at -12 C. Figure 6-
13 shows stress contours in the y-direction at different loading steps during the simulation. The 
formation of a Fracture Process Zone (FPZ) and its movement along the HMA-PCC interface 
during the crack propagation are visible.  
 
Figure 6-13: Stress Contours in y-direction obtained from the Full Scale Pavement Simulation 
 
After the simulation was over, the extent of damage through the interface was extracted from 
the finite element analysis by measuring the opening displacement and evaluating the response 
of cohesive elements to vehicular loading as shown in Figure 6-14. Figure 6-15 presents the 
opening displacement versus interface length as obtained from the simulation.  
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Figure 6-14: Opening Displacement of Cohesive Elements along the Interface 
 
Figure 6-15: Extent of Damage through the Interface Length  
 
Therefore, the “extent of damage through the interface” can be used as a parameter to 
evaluate interface debonding and also to determine the minimum required strength and fracture 
energy values in each special application to prevent interface debonding. As mentioned earlier, 
the above scenario was just an example of how the fundamental fracture properties of interface 
obtained from the fracture energy based interface bond tests can be used to simulate interface 
behavior in a full scale pavement structure.  
 
Damaged (Softened) 
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6.4   SUMMARY AND CONCLUSIONS 
In this chapter the proposed interface bond tests introduced in Chapters 3, 4, and 5 were used 
to evaluate the bonding between layers of a composite pavement constructed in 2013 in Emporia, 
KS.  Moreover, a full scale pavement was modeled using finite element method to show an 
example of how the obtained Mode I and Mode II interface fracture properties can be used in a 
full scale pavement simulation to predict debonding at interface.  
For the mixture and tack coat materials investigated herein, the interfaces in which the tack 
coat was applied using a spray paver showed a stronger bonding between HMA layers both 
under shear and tensile mode tests as compared to the section in which a distributor truck was 
used. Moreover, the polymer modified asphalt emulsion (EBL) tack coat seems to provide better 
bonding as compared to SS-1hp. In addition, it was found that the tack coat application rate 
needed to create peak shear strength was lower than that required to create peak Mode II fracture 
energy. It was also found that increasing the residual tack coat application rate up to 0.71 l/m
2
 
resulted in higher Mode I and Mode II fracture energies. 
Mode I and Mode II strengths and fracture energies as obtained from the fracture energy 
based interface bond tests as described in Chapters 4 and 5 were used in this chapter to show 
how the interface fracture properties can be used to simulate interface behavior in a full scale 
pavement structure. A commercially available finite-element software package, ABAQUS, was 
used in this chapter as the analysis engine.  The “extent of damage through the interface” seems 
to be a promising parameter to evaluate interface behavior and also to determine the minimum 
required strength and fracture energy values to prevent interface debonding in pavement systems. 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 
 
7.1   SUMMARY AND FINDINGS 
The contribution of this work centers on the evaluation of bond between pavement layers 
using fracture mechanics principles through experimental and numerical simulation techniques. 
The main goals of this study were to investigate the capability of a fracture-mechanics based 
approach for assessment of bonding between pavement layers and to identify performance-
related tests that can be used to generate fundamental fracture data.  Of particular interest were 
tests that generated results that could be readily utilized in computational models in order to 
facilitate system optimization and the linkage between material properties and field performance. 
This dissertation describes the development, application, and validation of three new 
performance-related interface bond tests including the Interface Bond Test (IBT), the three-point 
bending notched beam test, and the four-point shear notched beam test.  These tests were used 
for the characterization of interface behavior between adjacent pavement layers under different 
modes of fracturing. The tests were evaluated in the context of laboratory and field samples 
produced with different interface treatments along with finite element simulations. The obtained 
results demonstrate the accuracy and advantages of the proposed tests over simple strength-of-
materials test approaches.  Among the advantages, a broader range of responses were obtained 
(peak loads and fracture energies under various fracture modes) and local fracture properties 
were achieved and used in a full scale pavement simulation.  
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The key findings identified in this study are summarized as follows: 
 The IBT test is a practical test method to evaluate the bonding between adjacent layers of 
pavement in terms of interface tensile fracture energy (Mode I fracture energy).  
 The results of the laboratory study conducted herein demonstrated the ability of the IBT 
test to clearly distinguish between the interface bonding of samples produced with 
different tack coat types and application rates. 
 The three-point bending and four-point shear notched beam tests are viable test methods 
that can be used along with each other to evaluate the bonding between pavement layers 
under tensile mode (Mode I) and shear mode (Mode II). 
 The interface fracture energy parameter, as measured in the proposed tests, appears to be 
a good indicator of the quality of the bonding between adjacent pavement layers. 
 Mode I and Mode II fracture properties obtained from the proposed fracture tests can be 
used in a cohesive zone model to simulate the interface behavior in a full-scale pavement 
structure. 
 The potential based PPR cohesive zone model is a powerful tool to simulate the fracture 
process zone ahead of crack tip in asphalt concrete under Mode I, Mode II, and Mixed-
Mode loading conditions. 
 There is an optimum tack coat application rate beyond which the obtained fracture energy 
decreases. In addition, testing temperature and loading rate have significant effect on 
quality of bonding between pavement layers. 
 The optimal tack coat application rate depends on several factors including the surface 
condition of existing pavement, type of overlay mixture, tack coat type and application 
method (spray paver vs. distributor truck) and mode of testing. 
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 An optimum tack coat application rate as obtained from shear-type tests can be 
significantly different as compared to the optimum tack coat application rate as obtained 
from tension-type tests. 
 The optimum tack coat application rate that the proposed fracture energy based tests 
recommend is higher than the optimum tack coat application rate that conventional shear 
strength type tests suggest. 
 The interfaces in which the tack coat was applied using spray paver showed higher bond 
energy as compared to the interfaces where the tack coat was applied using the 
conventional method (distributor and HMA paver).  
 When spray paver is used, since HMA is placed immediately after spraying tack coat 
material, some portion of the asphalt emulsion migrates upward into the overlay mixture 
resulting in an overlay with rich binder content in the lower portion of it leading to 
overlay’s improved resistance to transverse and longitudinal cracking. 
 The Polymer Modified Asphalt Emulsion (PMAE) tack coat enhanced the bond energy 
between HMA layers as compared to unmodified tack coat materials. 
 Moisture conditioning significantly decreases the interface bond strength and fracture 
energy under tensile and shear fracture modes (Mode I and Mode II, respectively). 
 
7.2   CONCLUSIONS 
Based on the findings from this study, the following conclusions can be drawn: 
 Fracture properties (material strength and fracture energy) at pavement interfaces can be 
obtained from relatively simple bench-scale experiments coupled with numerical 
simulations. 
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 Interface fracture energy can provide a good description of the performance and load 
carrying capacity of the material at pavement interface as demonstrated by good 
correlation with field performance.  
 Fundamental, local fracture properties of pavement interfaces obtained from the proposed 
fracture tests coupled with finite element modeling can be successfully used to accurately 
simulate interface behavior in full scale pavement structures.  
 The “extent of damage through the interface” as obtained from the full scale pavement 
simulation is a promising parameter that can be used in determining the minimum 
required strength and fracture energy values. 
 
7.3   RECOMMENDATIONS 
Based upon the conclusions of this study, the following recommendations are made: 
 The proposed fracture energy based interface bond tests should be considered as 
candidate performance tests for the design and control of tack coats and thin-bonded 
overlay systems. 
 In order to improve bonding quality and to prevent construction related issues, 
particularly where interface failures and related distresses have been observed, placement 
of overlay lifts with a spray paver should be considered.  
 Wherever possible, polymer modified asphalt emulsions should be used as the bonding 
agent. 
 When a spray paver is used, a higher tack coat application rate than regular conventional 
rates should be used, depending upon the type of overlay placed (dense or gap-graded).  
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7.4   FUTURE EXTENSIONS 
Based on the findings and conclusions from this study the following extensions are 
recommended: 
 Evaluation of the bond between pavement layers using the proposed fracture energy 
based tests under cyclic loading. 
 Further evaluation of the proposed tests using advanced technologies such as digital 
image correlation (DIC) technique.  
 Additional 2D and 3D finite element simulation of full scale pavement structures using 
fracture properties obtained from the proposed fracture energy based tests. Such 
simulations can be used to gain additional insight towards the mechanisms of interface 
debonding in actual pavement systems. 
 Development and application of a cohesive zone model that can handle friction, which 
will exist in Mixed-Mode simulations.  
 More studies to further explore the combined effect of traffic and environmental loading 
on pavement interfaces, including testing involving freeze-thaw conditioning. 
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Appendix A 
 
Finite Element Codes Used for the Simulation of the DC(T) Test  
 
 
*HEADING 
Disk-Shaped Compact Tension Test  
** 
**  (Units: SI(mm) l = mm, Modulus = N/mm^2 (MPa), Force = N, 
**            Density = ton/mm^3, Energy = mJ (10^-3 J)) 
**  
** 
*PREPRINT, ECHO=NO, HISTORY=NO, MODEL=NO 
** 
** 
*NODE 
1,  120.393,  18.0554 
2,  122.077,  17.2475 
3,  124.037,  16.3071 
4,  126.319,  15.2121 
5,  128.978,  13.9363 
6,  132.081,  12.4479 
7,  135.71,  10.7071 
8,  139.97,  8.66346 
9,  145,  6.25 
10,  121.024,  19.1075 
11,  122.669,  18.4386 
12,  124.582,  17.6614 
13,  126.807,  16.7584 
14,  129.395,  15.7081 
15,  132.413,  14.4841 
16,  135.942,  13.0529 
17,  140.09,  11.3701 
18,  145,  9.375 
19,  119.663,  17.0701 
20,  121.388,  16.1206 
21,  123.401,  15.0127 
22,  125.75,  13.7198 
23,  128.493,  12.2104 
24,  131.696,  10.4471 
25,  135.443,  8.38458 
26,  139.835,  5.96715 
27,  145,  3.125 
28,  121.549,  20.2165 
29,  123.16,  19.6841 
30,  125.032,  19.0668 
31,  127.208,  18.3506 
32,  129.739,  17.5188 
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33,  132.689,  16.5504 
34,  136.138,  15.4182 
35,  140.193,  14.0854 
36,  145,  12.5 
37,  118.839,  16.1612 
38,  120.61,  15.0669 
39,  122.682,  13.7868 
40,  125.107,  12.2891 
. 
. 
. 
. 
. 
4666,  9.1373,  -34.4544 
4667,  6.87498,  -8.50265 
4668,  7.48007,  -11.9998 
4669,  8.25451,  -15.4678 
4670,  9.19664,  -18.8978 
4671,  10.3043,  -22.2812 
4672,  11.575,  -25.6094 
4673,  13.0055,  -28.8741 
4674,  4.97195,  -8.61189 
4675,  3.07811,  -8.71837 
4676,  1.195,  -8.82163 
4677,  11.1203,  -29.5933 
4678,  9.26356,  -30.3005 
4679,  7.43987,  -30.994 
4680,  5.55296,  -12.2173 
4681,  6.31433,  -15.7917 
4682,  7.25429,  -19.3256 
4683,  8.37055,  -22.8099 
4684,  9.66032,  -26.2354 
4685,  3.64251,  -12.4295 
4686,  1.7515,  -12.6355 
4687,  7.77506,  -26.8497 
4688,  5.9241,  -27.4503 
4689,  4.39657,  -16.108 
4690,  5.33838,  -19.7439 
4691,  6.46552,  -23.3277 
4692,  2.50494,  -16.4154 
4693,  4.59405,  -23.8328 
4694,  3.45331,  -20.1512 
** 
** 
*ELEMENT, TYPE=CPE4, ELSET=DCT 
       1,    1297,    1298,    1366,    1365 
       2,    1365,    1366,    1431,    1430 
       3,    1430,    1431,    1495,    1494 
       4,    1494,    1495,    1556,    1555 
       5,    1555,    1556,    1616,    1615 
       6,    1615,    1616,    1673,    1672 
       7,    1672,    1673,    1729,    1728 
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       8,    1728,    1729,    1782,    1781 
       9,    1781,    1782,    1834,    1780 
      10,    1780,    1834,    1833,    1779 
      11,    1779,    1833,    1832,    1778 
      12,    1778,    1832,    1831,    1777 
      13,    1777,    1831,    1830,    1776 
      14,    1776,    1830,    1829,    1775 
      15,    1775,    1829,    1828,    1774 
      16,    1774,    1828,    1827,    1773 
      17,    1298,    1299,    1367,    1366 
      18,    1366,    1367,    1432,    1431 
      19,    1431,    1432,    1496,    1495 
      20,    1495,    1496,    1557,    1556 
      21,    1556,    1557,    1617,    1616 
      22,    1616,    1617,    1674,    1673 
      23,    1673,    1674,    1730,    1729 
      24,    1729,    1730,    1783,    1782 
      25,    1782,    1783,    1835,    1834 
      26,    1834,    1835,    1884,    1833 
      27,    1833,    1884,    1883,    1832 
      28,    1832,    1883,    1882,    1831 
      29,    1831,    1882,    1881,    1830 
      30,    1830,    1881,    1880,    1829 
      31,    1829,    1880,    1879,    1828 
      32,    1828,    1879,    1878,    1827 
      33,    1299,    1300,    1368,    1367 
      34,    1367,    1368,    1433,    1432 
      35,    1432,    1433,    1497,    1496 
      36,    1496,    1497,    1558,    1557 
      37,    1557,    1558,    1618,    1617 
      38,    1617,    1618,    1675,    1674 
      39,    1674,    1675,    1731,    1730 
      40,    1730,    1731,    1784,    1783 
      . 
      . 
      . 
      . 
      . 
    4391,    2734,    2693,    2692,    2733 
    4392,    2778,    2779,    2736,    2735 
    4393,    2777,    2778,    2735,    2734 
    4394,    2775,    2777,    2734,    2733 
    4395,    2822,    2823,    2779,    2778 
    4396,    2778,    2777,    2820,    2822 
    4397,    2777,    2775,    2776,    2820 
    4398,    2822,    2871,    2873,    2823 
    4399,    2821,    2871,    2822,    2820 
    4400,    2816,    2821,    2820,    2776 
    4401,    2923,    2873,    2871,    2872 
    4402,    2872,    2871,    2821,    2865 
    4403,    2865,    2821,    2816,    2819 
    4404,    2981,    2985,    2923,    2924 
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    4405,    2922,    2981,    2924,    2919 
    4406,    2919,    2924,    2923,    2872 
    4407,    2922,    2919,    2870,    2920 
    4408,    2919,    2872,    2865,    2870 
    4409,    3057,    2988,    2987,    3056 
    4410,    2870,    2868,    2866,    2920 
    4411,    2866,    2868,    2819,    2818 
    4412,    2870,    2865,    2819,    2868 
** 
** 
** DCT 
** 
*SOLID SECTION, ELSET=DCT, MATERIAL=HMA 
         50., 
** 
** AsphaltConcrete 
** 
*MATERIAL, NAME=HMA 
** 
*ELASTIC, MODULI=INSTANTANEOUS 
     27300.0, 0.35 
*VISCOELASTIC, TIME=PRONY 
0.044770045, 0.13431013, 0.820244548 
0.105820106, 0.31746031, 9.716743105 
0.086826753, 0.26048026, 129.8510215 
0.066476733, 0.19943019, 1154.273366 
0.028490028, 0.08547008, 23867.98062 
** 
** 
**********************************************************************
******** 
***************************************************************** 
**CZ** 
*USER ELEMENT, TYPE=U1, NODES=4, COORDINATES=2, PROPERTIES=9, 
VARIABLES=6 
1, 2 
*ELEMENT, TYPE=U1, ELSET=ONE 
4501,  4518,  4517,  2168,  2169 
4502,  4517,  4515,  2166,  2168 
4503,  4515,  4513,  2164,  2166 
4504,  4513,  4512,  2163,  2164 
4505,  4512,  4511,  2162,  2163 
4506,  4511,  4510,  2161,  2162 
4507,  4510,  4508,  2159,  2161 
4508,  4508,  4507,  2158,  2159 
4509,  4507,  4506,  2157,  2158 
4510,  4506,  4505,  2156,  2157 
4511,  4505,  4503,  2154,  2156 
4512,  4503,  4502,  2153,  2154 
4513,  4502,  4501,  2152,  2153 
4514,  4501,  4500,  2151,  2152 
4515,  4500,  4479,  2130,  2151 
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4516,  4479,  4478,  2129,  2130 
4517,  4478,  4477,  2128,  2129 
4518,  4477,  4476,  2127,  2128 
4519,  4476,  4474,  2125,  2127 
4520,  4474,  4473,  2124,  2125 
4521,  4473,  4472,  2123,  2124 
4522,  4472,  4471,  2122,  2123 
4523,  4471,  4430,  2081,  2122 
4524,  4430,  4429,  2080,  2081 
4525,  4429,  4427,  2078,  2080 
4526,  4427,  4426,  2077,  2078 
4527,  4426,  4393,  2044,  2077 
4528,  4393,  4392,  2043,  2044 
4529,  4392,  4391,  2042,  2043 
4530,  4391,  4390,  2041,  2042 
4531,  4390,  4345,  1996,  2041 
4532,  4345,  4344,  1995,  1996 
4533,  4344,  4342,  1993,  1995 
4534,  4342,  4341,  1992,  1993 
4535,  4341,  4304,  1955,  1992 
4536,  4304,  4303,  1954,  1955 
4537,  4303,  4302,  1953,  1954 
4538,  4302,  4301,  1952,  1953 
4539,  4301,  4252,  1903,  1952 
4540,  4252,  4251,  1902,  1903 
4541,  4251,  4249,  1900,  1902 
4542,  4249,  4248,  1899,  1900 
4543,  4248,  4207,  1858,  1899 
4544,  4207,  4206,  1857,  1858 
4545,  4206,  4205,  1856,  1857 
4546,  4205,  4204,  1855,  1856 
4547,  4204,  4151,  1802,  1855 
4548,  4151,  4150,  1801,  1802 
4549,  4150,  4148,  1799,  1801 
4550,  4148,  4147,  1798,  1799 
4551,  4147,  4102,  1753,  1798 
4552,  4102,  4101,  1752,  1753 
4553,  4101,  4100,  1751,  1752 
4554,  4100,  4099,  1750,  1751 
4555,  4099,  4042,  1693,  1750 
4556,  4042,  4041,  1692,  1693 
4557,  4041,  4039,  1690,  1692 
4558,  4039,  4038,  1689,  1690 
4559,  4038,  3989,  1640,  1689 
4560,  3989,  3988,  1639,  1640 
4561,  3988,  3987,  1638,  1639 
4562,  3987,  3986,  1637,  1638 
4563,  3986,  3925,  1576,  1637 
4564,  3925,  3924,  1575,  1576 
4565,  3924,  3922,  1573,  1575 
4566,  3922,  3921,  1572,  1573 
4567,  3921,  3868,  1519,  1572 
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4568,  3868,  3867,  1518,  1519 
4569,  3867,  3866,  1517,  1518 
4570,  3866,  3865,  1516,  1517 
4571,  3865,  3800,  1451,  1516 
4572,  3800,  3799,  1450,  1451 
4573,  3799,  3797,  1448,  1450 
4574,  3797,  3796,  1447,  1448 
4575,  3796,  3739,  1390,  1447 
4576,  3739,  3738,  1389,  1390 
4577,  3738,  3737,  1388,  1389 
4578,  3737,  3736,  1387,  1388 
4579,  3736,  3667,  1318,  1387 
4580,  3667,  3666,  1317,  1318 
4581,  3666,  3664,  1315,  1317 
4582,  3664,  3663,  1314,  1315 
4583,  3663,  3602,  1253,  1314 
4584,  3602,  3601,  1252,  1253 
4585,  3601,  3600,  1251,  1252 
4586,  3600,  3599,  1250,  1251 
4587,  3599,  3528,  1179,  1250 
4588,  3528,  3527,  1178,  1179 
4589,  3527,  3525,  1176,  1178 
4590,  3525,  3524,  1175,  1176 
4591,  3524,  3463,  1114,  1175 
4592,  3463,  3462,  1113,  1114 
4593,  3462,  3461,  1112,  1113 
4594,  3461,  3460,  1111,  1112 
4595,  3460,  3389,  1040,  1111 
4596,  3389,  3388,  1039,  1040 
4597,  3388,  3386,  1037,  1039 
4598,  3386,  3385,  1036,  1037 
4599,  3385,  3324,  975,  1036 
4600,  3324,  3323,  974,  975 
4601,  3323,  3322,  973,  974 
4602,  3322,  3321,  972,  973 
4603,  3321,  3250,  901,  972 
4604,  3250,  3249,  900,  901 
4605,  3249,  3247,  898,  900 
4606,  3247,  3246,  897,  898 
4607,  3246,  3185,  836,  897 
4608,  3185,  3184,  835,  836 
4609,  3184,  3183,  834,  835 
4610,  3183,  3182,  833,  834 
4611,  3182,  3111,  762,  833 
4612,  3111,  3110,  761,  762 
4613,  3110,  3108,  759,  761 
4614,  3108,  3107,  758,  759 
4615,  3107,  3046,  697,  758 
4616,  3046,  3045,  696,  697 
4617,  3045,  3044,  695,  696 
4618,  3044,  3043,  694,  695 
4619,  3043,  2972,  623,  694 
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4620,  2972,  2971,  622,  623 
4621,  2971,  2969,  620,  622 
4622,  2969,  2968,  619,  620 
4623,  2968,  2916,  567,  619 
4624,  2916,  2915,  566,  567 
4625,  2915,  2914,  565,  566 
4626,  2914,  2913,  564,  565 
4627,  2913,  2864,  515,  564 
4628,  2864,  2863,  514,  515 
4629,  2863,  2861,  512,  514 
4630,  2861,  2860,  511,  512 
4631,  2860,  2817,  468,  511 
4632,  2817,  2818,  469,  468 
*UEL PROPERTY, ELSET=ONE 
0.25, 0.25, 3.4, 3.4, 3, 3, 0.005, 0.005,  
50 
***************************************************************** 
***************************************************************** 
***************************************************************** 
*NSET, NSET=CZNODES 
4518,  4517,  2168,  2169, 
4517,  4515,  2166,  2168, 
4515,  4513,  2164,  2166, 
4513,  4512,  2163,  2164, 
4512,  4511,  2162,  2163, 
4511,  4510,  2161,  2162, 
4510,  4508,  2159,  2161, 
4508,  4507,  2158,  2159, 
4507,  4506,  2157,  2158, 
4506,  4505,  2156,  2157, 
4505,  4503,  2154,  2156, 
4503,  4502,  2153,  2154, 
4502,  4501,  2152,  2153, 
4501,  4500,  2151,  2152, 
4500,  4479,  2130,  2151, 
4479,  4478,  2129,  2130, 
4478,  4477,  2128,  2129, 
4477,  4476,  2127,  2128, 
4476,  4474,  2125,  2127, 
4474,  4473,  2124,  2125, 
4473,  4472,  2123,  2124, 
4472,  4471,  2122,  2123, 
4471,  4430,  2081,  2122, 
4430,  4429,  2080,  2081, 
4429,  4427,  2078,  2080, 
4427,  4426,  2077,  2078, 
4426,  4393,  2044,  2077, 
4393,  4392,  2043,  2044, 
4392,  4391,  2042,  2043, 
4391,  4390,  2041,  2042, 
4390,  4345,  1996,  2041, 
4345,  4344,  1995,  1996, 
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4344,  4342,  1993,  1995, 
4342,  4341,  1992,  1993, 
4341,  4304,  1955,  1992, 
4304,  4303,  1954,  1955, 
4303,  4302,  1953,  1954, 
4302,  4301,  1952,  1953, 
4301,  4252,  1903,  1952, 
4252,  4251,  1902,  1903, 
4251,  4249,  1900,  1902, 
4249,  4248,  1899,  1900, 
4248,  4207,  1858,  1899, 
4207,  4206,  1857,  1858, 
4206,  4205,  1856,  1857, 
4205,  4204,  1855,  1856, 
4204,  4151,  1802,  1855, 
4151,  4150,  1801,  1802, 
4150,  4148,  1799,  1801, 
4148,  4147,  1798,  1799, 
4147,  4102,  1753,  1798, 
4102,  4101,  1752,  1753, 
4101,  4100,  1751,  1752, 
4100,  4099,  1750,  1751, 
4099,  4042,  1693,  1750, 
4042,  4041,  1692,  1693, 
4041,  4039,  1690,  1692, 
4039,  4038,  1689,  1690, 
4038,  3989,  1640,  1689, 
3989,  3988,  1639,  1640, 
3988,  3987,  1638,  1639, 
3987,  3986,  1637,  1638, 
3986,  3925,  1576,  1637, 
3925,  3924,  1575,  1576, 
3924,  3922,  1573,  1575, 
3922,  3921,  1572,  1573, 
3921,  3868,  1519,  1572, 
3868,  3867,  1518,  1519, 
3867,  3866,  1517,  1518, 
3866,  3865,  1516,  1517, 
3865,  3800,  1451,  1516, 
3800,  3799,  1450,  1451, 
3799,  3797,  1448,  1450, 
3797,  3796,  1447,  1448, 
3796,  3739,  1390,  1447, 
3739,  3738,  1389,  1390, 
3738,  3737,  1388,  1389, 
3737,  3736,  1387,  1388, 
3736,  3667,  1318,  1387, 
3667,  3666,  1317,  1318, 
3666,  3664,  1315,  1317, 
3664,  3663,  1314,  1315, 
3663,  3602,  1253,  1314, 
3602,  3601,  1252,  1253, 
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3601,  3600,  1251,  1252, 
3600,  3599,  1250,  1251, 
3599,  3528,  1179,  1250, 
3528,  3527,  1178,  1179, 
3527,  3525,  1176,  1178, 
3525,  3524,  1175,  1176, 
3524,  3463,  1114,  1175, 
3463,  3462,  1113,  1114, 
3462,  3461,  1112,  1113, 
3461,  3460,  1111,  1112, 
3460,  3389,  1040,  1111, 
3389,  3388,  1039,  1040, 
3388,  3386,  1037,  1039, 
3386,  3385,  1036,  1037, 
3385,  3324,  975,  1036, 
3324,  3323,  974,  975, 
3323,  3322,  973,  974, 
3322,  3321,  972,  973, 
3321,  3250,  901,  972, 
3250,  3249,  900,  901, 
3249,  3247,  898,  900, 
3247,  3246,  897,  898, 
3246,  3185,  836,  897, 
3185,  3184,  835,  836, 
3184,  3183,  834,  835, 
3183,  3182,  833,  834, 
3182,  3111,  762,  833, 
3111,  3110,  761,  762, 
3110,  3108,  759,  761, 
3108,  3107,  758,  759, 
3107,  3046,  697,  758, 
3046,  3045,  696,  697, 
3045,  3044,  695,  696, 
3044,  3043,  694,  695, 
3043,  2972,  623,  694, 
2972,  2971,  622,  623, 
2971,  2969,  620,  622, 
2969,  2968,  619,  620, 
2968,  2916,  567,  619, 
2916,  2915,  566,  567, 
2915,  2914,  565,  566, 
2914,  2913,  564,  565, 
2913,  2864,  515,  564, 
2864,  2863,  514,  515, 
2863,  2861,  512,  514, 
2861,  2860,  511,  512, 
2860,  2817,  468,  511, 
2817,  2818,  469,  468 
****** 
*NSET, NSET=CMOD 
27, 2376 
*NSET, NSET=CTOD 
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640, 2989 
*NSET, NSET=LOADHEAD 
266, 2615 
*NSET, NSET=ALLNDS 
1, 4694 
***************************************************************** 
*INITIAL CONDITION, TYPE=TEMPERATURE 
ALLNDS, -12.0 
***************************************************************** 
*STEP, NLGEOM, INC=1000 
*VISCO, CETOL=2.5E-5 
0.3, 84,,4  
*BOUNDARY, OP=MOD 
266, 2,, 0.7 
2615,2,, -0.7 
***NODE PRINT, NSET=CMOD, FREQ=1 
**U, 
***NODE PRINT, NSET=CTOD, FREQ=1 
**U, 
***NODE PRINT, NSET=LOADHEAD, FREQ=1 
**RF, 
***NODE PRINT, NSET=CZNODES, FREQ=1 
**U, 
************* 
*ENERGY PRINT, FREQ=1 
** 
*PRINT, FREQ=1 
************* 
*OUTPUT, FIELD, FREQ=1 
*NODE OUTPUT 
U,Rf 
** 
** ELEMENT OUTPUT REQUESTS 
** 
*OUTPUT, FIELD, FREQ=1 
*ELEMENT OUTPUT 
S, 
E, 
** 
*END STEP 
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Appendix B 
 
PPR Subroutine 
 
 
*************************************************************** 
c This Two-Dimensional Linear Cohesive Zone model has been originally 
developed by Dr. Park and Prof. Paulino and has been implemented in 
this thesis. 
c 
c More information about the internal cohesive zone model can be found 
in reference #57 and 58. 
c ************************************************************** 
       SUBROUTINE UEL (RHS, AMATRX, SVARS, ENERGY, NDOFEL, NRHS, 
NSVARS, 
     & PROPS, NPROPS, COORDS, MCRD, NNODE, U, DU, V, A, JTYPE, TIME, 
     & DTIME, KSTEP, KINC, JELEM, PARAMS, NDLOAD, JDLTYP, ADLMAG, 
     & PREDEF, NPREDF, LFLAGS, MLVARX, DDLMAG, MDLOAD, PNEWDT, JPROPS, 
     & NJPRO, PERIOD) 
       INCLUDE 'ABA_PARAM.INC' 
       DIMENSION RHS(MLVARX,*), AMATRX(NDOFEL,NDOFEL), PROPS(*), 
     & SVARS(*), ENERGY(8), COORDS(MCRD, NNODE), U(NDOFEL), 
     & DU(MLVARX,*), V(NDOFEL), A(NDOFEL), TIME(2), PARAMS(*), 
     & JDLTYP(MDLOAD,*), ADLMAG(MDLOAD,*), DDLMAG(MDLOAD,*), 
     & PREDEF(2, NPREDF, NNODE), LFLAGS(*), JPROPS(*) 
c Variables defined in the UEL subroutine 
c   RHS   : Right-Hand-Side vector 
c   AMATRX: Stiffness (Jacobian) matrix 
c 
c Variables updated in the UEL subroutine 
c   SVARS : Maximum separation at each integration point 
c 
c Variables available in the UEL subroutine 
c   U     : Nodal displacement 
c   COORDS: Nodal coordinates of an element 
c   PROPS : Parameters from an input file 
c      PROPS(1): Normal fracture energy (Gn) 
c      PROPS(2): Tangential fracture energy (Gt) 
c      PROPS(3): Normal cohesive strength (Tn_m) 
c      PROPS(4): Tangential cohesive strength (Tt_m) 
c      PROPS(5): Normal shape parameter (alph) 
c      PROPS(6): Tangential shape parameter (beta) 
c      PROPS(7): Normal initial slope indicator (ln) 
c      PROPS(8): Tangential initial slope indicator (lt) 
c      PROPS(9): Thickness of a cohesive element 
c   MCRD  : Largest active degrees of freedom 
c   NNODE : Number of nodes 
c 
c Variables used in the UEL subroutine 
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       DIMENSION Sc(ndofel,ndofel), Fc(ndofel,nrhs), 
     & T(mcrd,nrhs), T_d(mcrd,mcrd), U_l(ndofel), R(mcrd, mcrd), 
     & Bc(mcrd,ndofel), Bct(ndofel,mcrd), ShapeN(nnode), 
     & del(mcrd), GP(2), GP_w(2), tmp(ndofel,mcrd) 
c   Sc  : Element stiffness matrix of a cohesive element 
c   Fc  : Cohesive internal force vector 
c   T   : Cohesive traction vector 
c   T_d : Derivative of the cohesive traction (Tangent matrix) 
c   U_l : Nodal displacement in the local coordinate system 
c   R   : Coordinate transformation matrix 
c   Bc  : Global displacement-separation relation matrix 
c   Bct : Transpose of Bc 
c   ShapeN: Shape functional matrix 
c   del : Normal and tangential separations 
c   GP  : Gauss points 
c   GP_W: Weight at the Gauss points 
c   n_GP: Number of the Gauss points 
       DOUBLE PRECISION Gn, Gt, Tn_m, Tt_m, alph, beta, ln, lt, th, 
     & dn, dt, m, n, Gam_n, Gam_t, dGnt, dGtn, 
     & N1, N2, del1, del2, del3, del4, deln_max, delt_max, el_length 
c   Gn, Gt: Fracture energies 
c   Tn_m, Tt_m: Cohesive strengths 
c   alph, beta: Shape parameters 
c   ln, lt: Initial slope indicators 
c   th    : Thickness of a cohesive element 
c   dn, dt: Final crack opening widths 
c   m, n  : Exponents in the PPR potential 
c   Gam_n, Gam_t: Energy constants in the PPR potential 
c   dGnt  : <Gn - Gt> 
c   dGtn  : <Gt - Gn> 
c   N1, N2: Linear shape functions 
c   del1, del2, del3, del4: Nodal separations 
c   deln_max, delt_max: Maximum separations in a loading history 
c   el_length: Length of a cohesive element 
c *************************************************************** 
c Read input data & Initialize 
       Gn   = PROPS(1) 
       Gt   = PROPS(2) 
       Tn_m = PROPS(3) 
       Tt_m = PROPS(4) 
       alph = PROPS(5) 
       beta = PROPS(6) 
       ln   = PROPS(7) 
       lt   = PROPS(8) 
       th   = PROPS(9) 
       n_GP = 2 
       data GP   / 0.577350269189626 , -0.577350269189626 / 
       data GP_W / 1.0 , 1.0 / 
       call k_Matrix_Zero (RHS,ndofel,nrhs) 
       call k_Matrix_Zero (AMATRX,ndofel,ndofel) 
c Determine the PPR parameters 
       m = (alph-1)*alph*ln**2/(1-alph*ln**2) 
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       n = (beta-1)*beta*lt**2/(1-beta*lt**2) 
       dn = alph*Gn/(m*Tn_m)*(1-ln)**(alph-1) 
     &     * (alph/m*ln+1)**(m-1)*(alph+m)*ln 
       dt = beta*Gt/(n*Tt_m)*(1-lt)**(beta-1) 
     &     * (beta/n*lt+1)**(n-1)*(beta+n)*lt 
       if (Gt .GT. Gn) then 
          dGnt = 0 
          dGtn = Gt - Gn 
       elseif (Gt .LT. Gn) then 
          dGnt = Gn - Gt 
          dGtn = 0 
       else 
          dGnt = 0 
          dGtn = 0 
       endif 
       if (Gn .EQ. Gt) then 
          Gam_n = -Gn*(alph/m)**m 
          Gam_t = (beta/n)**n 
       else 
          Gam_n = (-Gn)**(dGnt/(Gn-Gt))*(alph/m)**m 
          Gam_t = (-Gt)**(dGtn/(Gt-Gn))*(beta/n)**n 
       endif 
c Change from the global coordinates to the local coordinates 
       call k_Coords_Transform (R, el_length, COORDS, U, ndofel, 
     & nnode, mcrd) 
       do i = 0, nnode-1 
          U_l(1+i*mcrd) = R(1,1)*U(1+i*mcrd) + R(1,2)*U(2+i*mcrd) 
          U_l(2+i*mcrd) = R(2,1)*U(1+i*mcrd) + R(2,2)*U(2+i*mcrd) 
       end do 
       del1 = U_l(7) - U_l(1) 
       del2 = U_l(8) - U_l(2) 
       del3 = U_l(5) - U_l(3) 
       del4 = U_l(6) - U_l(4) 
c Numerical integration to compute RHS and AMATRX 
       do i = 1, n_GP 
          N1 = 0.5*(1 - GP(i)) 
          N2 = 0.5*(1 + GP(i)) 
          del(1) = N1*del1 + N2*del3 
          del(2) = N1*del2 + N2*del4 
          delt_max = SVARS(n_GP*(i-1)+1) 
          deln_max = SVARS(n_GP*(i-1)+2) 
          call k_Cohesive_PPR (T, T_d, Gam_n, Gam_t, alph, beta, m, n, 
     &  dn, dt, dGtn, dGnt, del, deln_max, delt_max) 
          ShapeN(1) = -N1 
          ShapeN(2) = -N2 
          ShapeN(3) = N2 
          ShapeN(4) = N1 
          do j = 1, nnode 
             do k = 1, mcrd 
               do l = 1, mcrd 
                  Bc(k,l+(j-1)*mcrd) = ShapeN(j)*R(k,l) 
               end do 
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             end do 
          end do 
          call k_Matrix_Transpose (Bc,Bct,mcrd,ndofel) 
          call k_Matrix_Multiply (Bct,T_d,tmp,ndofel,mcrd,mcrd) 
          call k_Matrix_Multiply (tmp,Bc,Sc,ndofel,mcrd,ndofel) 
          call k_Matrix_Multiply (Bct,T,Fc,ndofel,mcrd,nrhs) 
          thick = 0.5 * el_length * GP_w(i) * th 
          call k_Matrix_PlusScalar (AMATRX,Sc,thick,ndofel,ndofel) 
          call k_Matrix_PlusScalar (RHS,-Fc,thick,ndofel,nrhs) 
c   Update the state variables: SVARS 
          if ((delt_max.LT.abs(del(1))).AND.(abs(del(1)).GT.lt*dt)) 
then 
             SVARS(n_GP*(i-1)+1) = abs(del(1)) 
          end if 
          if ((deln_max .LT. del(2)) .AND. (del(2) .GT. ln*dn)) then 
             SVARS(n_GP*(i-1)+2) = del(2) 
          end if 
       end do 
       RETURN 
       END 
c 
c **************************************************************** 
c = Cohesive traction-separation relation of the PPR model 
**************************************************************** 
       SUBROUTINE k_Cohesive_PPR (T, T_d, Gam_n, Gam_t, alph, beta, m, 
n, 
     &  dn, dt, dGtn, dGnt, del, deln_max, delt_max) 
       INCLUDE 'ABA_PARAM.INC' 
       DIMENSION T(2,1), T_d(2,2), del(2) 
       DOUBLE PRECISION Gam_n, Gam_t, alph, beta, m, n, dn, dt, 
     &     dGtn, dGnt, deln_max, delt_max, Tn, Tt, deln, delt, sign_dt 
       delt = abs(del(1)) 
       deln = del(2) 
       if (del(1) .GE. 0) then 
          sign_dt = 1 
       else 
          sign_dt = -1 
       end if 
       Tn = 0 
c Pre-calculation of the normal cohesive traction, Tn 
       if (deln .LT. 0) then 
          deln = 0 
       elseif ((deln .GE. dn) .OR. (delt .GE. dt))  then 
          Tn = 0 
       elseif (deln .GE. deln_max) then 
          Tn = (Gam_t*(1-delt/dt)**beta*(delt/dt+n/beta)**n+dGtn) * 
     & Gam_n/dn*(m*(1-deln/dn)**alph*(m/alph+deln/dn)**(m-1) 
     &       -alph*(1-deln/dn)**(alph-1)*(m/alph+deln/dn)**m) 
       else 
          Tn = (Gam_t*(1-delt/dt)**beta*(delt/dt+n/beta)**n+dGtn) * 
     & Gam_n/dn*(m*(1-deln_max/dn)**alph*(m/alph+deln_max/dn)**(m-1) 
     &   -alph*(1-deln_max/dn)**(alph-1)*(m/alph+deln_max/dn)**m) * 
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     & deln/deln_max 
       end if 
c Pre-calculation of the tangential cohesive traction, Tt 
       if ((deln .GE. dn) .OR. (delt .GE. dt))  then 
          Tt = 0 
       elseif (delt .GE. delt_max) then 
          Tt = (Gam_n*(1-deln/dn)**alph*(deln/dn+m/alph)**m+dGnt) * 
     & Gam_t/dt*(n*(1-delt/dt)**beta*(delt/dt+n/beta)**(n-1) 
     &       -beta*(1-delt/dt)**(beta-1)*(delt/dt+n/beta)**n) 
       else 
          Tt = (Gam_n*(1-deln/dn)**alph*(deln/dn+m/alph)**m+dGnt) * 
     & Gam_t/dt*(n*(1-delt_max/dt)**beta*(delt_max/dt+n/beta)**(n-1) 
     &   -beta*(1-delt_max/dt)**(beta-1)*(delt_max/dt+n/beta)**n) * 
     & delt/delt_max 
       end if 
c Normal cohesive interaction 
c   (1) Contact condition 
       if (del(2). LT. 0) then 
          T_d(2,2) = -Gam_n/dn**2*(m/alph)**(m-1)*(alph+m)* 
     & (Gam_t*(n/beta)**n + dGtn) 
          T_d(2,1) = 0 
          T(2,1) = T_d(2,2)*del(2) 
       else if ((deln.LT.dn).AND.(delt.LT.dt).AND.(Tn.GE.-1.0E-5)) 
then 
          T(2,1) = Tn 
c   (2) Softening condition 
          if (deln .GE. deln_max) then 
             T_d(2,2) = 
     & (Gam_t*(1-delt/dt)**beta*(delt/dt+n/beta)**n+dGtn) * 
     & Gam_n/dn**2 * 
     & ((1-deln/dn)**(alph-2)*(alph-1)*alph*(deln/dn+m/alph)**m - 
     & 2*(1-deln/dn)**(alph-1)*alph*(deln/dn+m/alph)**(m-1)*m + 
     & (1-deln/dn)**alph*(deln/dn+m/alph)**(m-2)*(m-1)*m) 
             T_d(2,1) = 
     & Gam_t/dt*(-(1-delt/dt)**(beta-1)*beta*(delt/dt+n/beta)**n + 
     & (1-delt/dt)**beta*(delt/dt+n/beta)**(n-1)*n) * sign_dt * 
     & Gam_n/dn*(-(1-deln/dn)**(alph-1)*alph*(deln/dn+m/alph)**m + 
     & (1-deln/dn)**alph*(deln/dn+m/alph)**(m-1)*m) 
c   (3) Unloading/reloading condition 
          else 
             T_d(2,2) = 
     & (Gam_t*(1-delt/dt)**beta*(delt/dt+n/beta)**n+dGtn) * 
     & Gam_n/dn*((1-deln_max/dn)**alph*(deln_max/dn+m/alph)**(m-1)*m 
     & -(1-deln_max/dn)**(alph-1)*alph*(deln_max/dn+m/alph)**m) 
     & / deln_max 
             T_d(2,1) = 
     & Gam_t/dt*(-(1-delt/dt)**(beta-1)*beta*(delt/dt+n/beta)**n + 
     & (1-delt/dt)**beta*(delt/dt+n/beta)**(n-1)*n) * sign_dt * 
     & Gam_n/dn*(m*(1-deln_max/dn)**alph*(m/alph+deln_max/dn)**(m-1) 
     &   -alph*(1-deln_max/dn)**(alph-1)*(m/alph+deln_max/dn)**m) * 
     & deln/deln_max 
          end if 
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c   (4) Complete failure condition 
       else 
          T(2,1) = 0 
          T_d(2,2) = 0 
          T_d(2,1) = 0 
       endif 
c Tangential cohesive interaction 
       if ((delt.LT.dt) .AND. (deln.LT.dn) .AND. (Tt.GE.-1.0E-5)) then 
          T(1,1) = Tt*sign_dt 
c   (1) Softening condition 
          if (delt .GE. delt_max) then 
             T_d(1,1) = 
     & (Gam_n*(1-deln/dn)**alph*(deln/dn+m/alph)**m+dGnt) * 
     & Gam_t/dt**2 * 
     & ((1-delt/dt)**(beta-2)*(beta-1)*beta*(delt/dt+n/beta)**n - 
     & 2*(1-delt/dt)**(beta-1)*beta*(delt/dt+n/beta)**(n-1)*n + 
     & (1-delt/dt)**beta*(delt/dt+n/beta)**(n-2)*(n-1)*n) 
             T_d(1,2) = 
     & Gam_t/dt*(-(1-delt/dt)**(beta-1)*beta*(delt/dt+n/beta)**n + 
     & (1-delt/dt)**beta*(delt/dt+n/beta)**(n-1)*n) * sign_dt * 
     & Gam_n/dn*(-(1-deln/dn)**(alph-1)*alph*(deln/dn+m/alph)**m + 
     & (1-deln/dn)**alph*(deln/dn+m/alph)**(m-1)*m) 
c   (2) Unloading/reloading condition 
          else 
             T_d(1,1) = 
     & (Gam_n*(1-deln/dn)**alph*(deln/dn+m/alph)**m+dGnt) * 
     & Gam_t/dt*(n*(1-delt_max/dt)**beta*(delt_max/dt+n/beta)**(n-1) 
     &      -beta*(1-delt_max/dt)**(beta-1)*(delt_max/dt+n/beta)**n) 
     & / delt_max 
             T_d(1,2) = 
     & Gam_n/dn*(-(1-deln/dn)**(alph-1)*alph*(deln/dn+m/alph)**m + 
     & (1-deln/dn)**alph*(deln/dn+m/alph)**(m-1)*m) * sign_dt * 
     & Gam_t/dt*(n*(1-delt_max/dt)**beta*(delt_max/dt+n/beta)**(n-1) 
     &   -beta*(1-delt_max/dt)**(beta-1)*(delt_max/dt+n/beta)**n) * 
     & delt/delt_max 
          end if 
c   (3) Complete failure condition 
       else 
          T(1,1) = 0 
          T_d(1,1) = 0 
          T_d(1,2) = 0 
       endif 
c      if (T_d(1,2) .NE. T_d(2,1)) then 
c         T_d(1,2) = 0.5*(T_d(1,2) + T_d(2,1)) 
c         T_d(2,1) = T_d(1,2) 
c      endif 
       RETURN 
       END 
c 
c ************************************************************** 
c = Coordinate Transformation 
**************************************************************** 
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c   : Coordinate transformation matrix (R) is obtained on the basis of 
c   the deformed configuration 
       SUBROUTINE k_Coords_Transform (R, el_length, COORDS, U, ndofel, 
     & nnode, mcrd) 
       INCLUDE 'ABA_PARAM.INC' 
       DIMENSION R(mcrd,mcrd), COORDS(mcrd,nnode), U(ndofel) 
       DIMENSION Co_de(mcrd,nnode), Co_de_m(2,2) 
c Variables used in the k_Coords_Transform subroutine 
c   Co_de  : Coord. of a cohesive element in the deformed 
configuration 
c   Co_de_m: Mid-points of a cohesive element to compute the 
orientation 
c   el_length: length of a cohesive element 
c 
       do i = 1, mcrd 
          do j = 1, nnode 
             Co_de(i,j) = COORDS(i,j) + U(2*(j-1)+i) 
          end do 
       end do 
       do i = 1, 2 
          Co_de_m(i,1) = (Co_de(i,1)+Co_de(i,4))*0.5 
          Co_de_m(i,2) = (Co_de(i,2)+Co_de(i,3))*0.5 
       end do 
c Calculate the directional cosine & the transformation matrix 
       d_x = Co_de_m(1,2) - Co_de_m(1,1) 
       d_y = Co_de_m(2,2) - Co_de_m(2,1) 
       el_length = (d_x**2 + d_y**2)**0.5 
       cos_a = d_x / el_length 
       sin_a = d_y / el_length 
       R(1,1) = cos_a 
       R(1,2) = sin_a 
       R(2,1) = -sin_a 
       R(2,2) = cos_a 
       RETURN 
       END 
c 
c ************************************************************** 
c = Matrix operations 
**************************************************************** 
       SUBROUTINE k_Matrix_Zero (A,n,m) 
       INCLUDE 'ABA_PARAM.INC' 
       DIMENSION A(n,m) 
       do i = 1, n 
          do j = 1, m 
             A(i,j) = 0.0 
          end do 
       end do 
       RETURN 
       END 
c 
       SUBROUTINE k_Matrix_Transpose (A,B,n,m) 
       INCLUDE 'ABA_PARAM.INC' 
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       DIMENSION A(n,m), B(m,n) 
       call k_Matrix_zero (B,m,n) 
       do i = 1, n 
          do j = 1, m 
             B(j,i) = A(i,j) 
          end do 
       end do 
       RETURN 
       END 
c 
       SUBROUTINE k_Matrix_PlusScalar (A,B,c,n,m) 
       INCLUDE 'ABA_PARAM.INC' 
       DIMENSION A(n,m), B(n,m) 
       do i = 1, n 
          do j = 1, m 
             A(i,j) = A(i,j) + c*B(i,j) 
          end do 
       end do 
       RETURN 
       END 
c 
       SUBROUTINE k_Matrix_Multiply (A,B,C,l,n,m) 
       INCLUDE 'ABA_PARAM.INC' 
       DIMENSION A(l,n), B(n,m), C(l,m) 
       call k_Matrix_zero (C,l,m) 
       do i = 1, l 
          do j = 1, m 
             do k = 1, n 
               C(i,j) = C(i,j) + A(i,k) * B (k,j) 
             end do 
          end do 
       end do 
       RETURN 
       END 
**************************************************************** 
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Appendix C  
 
 
 
Load and CMOD Values obtained from the IBT Test  
(Tack Coat Application Rate: 0.45 l/m
2
) 
 
 
        Specimen 0.45 L/m2 (Rep.1)  
 
Specimen 0.45 L/m
2
 (Rep.2) 
 
Specimen 0.45 L/m
2
 (Rep.3) 
Load (kN) CMOD (mm) 
 
Load (kN) CMOD (mm) 
 
Load (kN) CMOD (mm) 
0.094318 -0.006648 
 
0.104615 0 
 
0.102798 -0.000386 
0.11249 -0.005875 
 
0.160947 0.001931 
 
0.119152 0.000386 
0.196684 -0.002399 
 
0.271186 0.006953 
 
0.201529 0.004635 
0.322672 0.003009 
 
0.403232 0.012747 
 
0.328729 0.009657 
0.496512 0.01112 
 
0.532249 0.018927 
 
0.47834 0.016996 
0.650968 0.017687 
 
0.658843 0.024721 
 
0.614626 0.023948 
0.77514 0.023094 
 
0.777562 0.030129 
 
0.727894 0.029356 
0.889014 0.028502 
 
0.892042 0.035536 
 
0.828442 0.034764 
0.99259 0.03391 
 
0.999253 0.041717 
 
0.927173 0.040171 
1.08587 0.038545 
 
1.096167 0.047124 
 
1.023482 0.045193 
1.173699 0.043953 
 
1.169459 0.051373 
 
1.116762 0.050601 
1.25123 0.04936 
 
1.254864 0.057167 
 
1.195504 0.055622 
1.296053 0.054382 
 
1.337847 0.062189 
 
1.273036 0.061416 
1.356018 0.059403 
 
1.400235 0.067983 
 
1.340875 0.066437 
1.40387 0.065197 
 
1.477766 0.073004 
 
1.410532 0.071459 
1.453538 0.070219 
 
1.539549 0.078025 
 
1.471104 0.076867 
1.497149 0.07524 
 
1.601332 0.083433 
 
1.528041 0.08266 
1.531069 0.081034 
 
1.654635 0.089613 
 
1.565595 0.088068 
1.546212 0.086442 
 
1.690372 0.095021 
 
1.580132 0.093862 
1.560749 0.091849 
 
1.715812 0.099656 
 
1.570441 0.098497 
1.577103 0.096485 
 
1.749126 0.105064 
 
1.591035 0.103905 
1.5874 0.102279 
 
1.770326 0.110472 
 
1.614658 0.109313 
1.594669 0.107686 
 
1.77396 0.115493 
 
1.615869 0.114334 
1.601938 0.113094 
 
1.778806 0.120901 
 
1.626166 0.119742 
1.598303 0.118115 
 
1.791526 0.125922 
 
1.627378 0.125149 
1.589218 0.123523 
 
1.79516 0.13133 
 
1.618292 0.130171 
1.584372 0.128931 
 
1.776989 0.136351 
 
1.610418 0.135579 
1.578315 0.133952 
 
1.743069 0.141373 
 
1.599515 0.140986 
1.564383 0.139746 
 
1.725503 0.147939 
 
1.59164 0.146008 
1.536521 0.144381 
 
1.700063 0.152961 
 
1.580132 0.151029 
1.509869 0.149789 
 
1.68492 0.157982 
 
1.560749 0.156437 
1.489275 0.15481 
 
1.669172 0.16339 
 
1.545001 0.162231 
1.472315 0.160604 
 
1.647972 0.168797 
 
1.527435 0.167252 
1.454749 0.166012 
 
1.617686 0.174205 
 
1.507446 0.173046 
1.439607 0.17142 
 
1.594669 0.179613 
 
1.474132 0.178068 
1.422647 0.176827 
 
1.570441 0.184634 
 
1.441424 0.183089 
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1.403264 0.182235 
 
1.535309 0.190428 
 
1.414167 0.188883 
1.381458 0.187643 
 
1.487458 0.19545 
 
1.386304 0.194291 
1.358441 0.193051 
 
1.445664 0.200471 
 
1.36147 0.200085 
1.340875 0.198458 
 
1.405081 0.205879 
 
1.335424 0.20472 
1.32331 0.203093 
 
1.374189 0.211286 
 
1.313013 0.210514 
1.305138 0.208501 
 
1.351778 0.216694 
 
1.292418 0.215535 
1.283333 0.213909 
 
1.329973 0.222102 
 
1.274247 0.220943 
1.261527 0.21893 
 
1.304533 0.22751 
 
1.257893 0.226737 
1.240933 0.223952 
 
1.276064 0.232917 
 
1.240933 0.231758 
1.217916 0.229359 
 
1.250018 0.238325 
 
1.222761 0.23678 
1.19187 0.235153 
 
1.227001 0.243346 
 
1.20035 0.241801 
1.167641 0.240175 
 
1.207013 0.248754 
 
1.18339 0.246823 
1.14099 0.245969 
 
1.182179 0.253775 
 
1.165824 0.252617 
1.110099 0.25099 
 
1.156739 0.259956 
 
1.147653 0.258024 
1.074967 0.256784 
 
1.131299 0.264205 
 
1.12827 0.263046 
1.042865 0.261805 
 
1.107676 0.269612 
 
1.113127 0.269226 
1.015002 0.267213 
 
1.08163 0.27502 
 
1.089504 0.273861 
0.98411 0.272621 
 
1.053767 0.280814 
 
1.06891 0.278882 
0.955642 0.278029 
 
1.025299 0.286222 
 
1.048316 0.285063 
0.927173 0.282664 
 
0.993196 0.291243 
 
1.031356 0.289698 
0.898099 0.287685 
 
0.95867 0.296651 
 
1.014396 0.295492 
0.870236 0.293479 
 
0.927779 0.301672 
 
0.995013 0.3009 
0.839345 0.298501 
 
0.899311 0.30708 
 
0.974419 0.305921 
0.809059 0.303908 
 
0.869631 0.312101 
 
0.952008 0.311329 
0.784225 0.309316 
 
0.832682 0.317509 
 
0.930202 0.316736 
0.757574 0.31511 
 
0.799974 0.322917 
 
0.904156 0.321758 
0.734557 0.320518 
 
0.768477 0.328324 
 
0.878716 0.327938 
0.714568 0.325925 
 
0.738191 0.333732 
 
0.848431 0.332573 
0.69458 0.330947 
 
0.710934 0.339526 
 
0.818751 0.337981 
0.676408 0.336741 
 
0.683677 0.344547 
 
0.789677 0.343389 
0.66066 0.342148 
 
0.657026 0.349569 
 
0.759997 0.348024 
0.645517 0.346784 
 
0.627951 0.354977 
 
0.73274 0.354204 
0.631586 0.351805 
 
0.602511 0.360384 
 
0.705483 0.359225 
0.617654 0.357599 
 
0.578283 0.365792 
 
0.68186 0.364247 
0.603117 0.36262 
 
0.556477 0.370427 
 
0.653997 0.370041 
0.590397 0.368028 
 
0.535277 0.375835 
 
0.630374 0.375062 
0.578283 0.373049 
 
0.5165 0.381629 
 
0.606146 0.380084 
0.566774 0.378843 
 
0.500146 0.387036 
 
0.58434 0.386264 
0.556477 0.384251 
 
0.481974 0.392444 
 
0.564957 0.391285 
0.547997 0.389659 
 
0.469254 0.397466 
 
0.542546 0.396693 
0.539517 0.395453 
 
0.457746 0.40326 
 
0.523163 0.402487 
0.529826 0.401247 
 
0.445026 0.408281 
 
0.506203 0.407122 
0.521951 0.406268 
 
0.432912 0.414075 
 
0.49106 0.41253 
0.513472 0.411676 
 
0.422009 0.419096 
 
0.475312 0.417937 
0.505597 0.416697 
 
0.409895 0.424118 
 
0.462592 0.423345 
0.497117 0.421719 
 
0.398992 0.429912 
 
0.44866 0.428753 
0.492272 0.427126 
 
0.385666 0.434933 
 
0.43594 0.433774 
0.478946 0.431762 
 
0.37658 0.440341 
 
0.425037 0.439182 
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0.470466 0.436783 
 
0.365072 0.445749 
 
0.413529 0.44459 
0.460169 0.442191 
 
0.360832 0.451156 
 
0.405655 0.449997 
0.452295 0.447212 
 
0.352352 0.456178 
 
0.395358 0.455019 
0.445026 0.453006 
 
0.343266 0.461972 
 
0.385666 0.460426 
0.438363 0.458414 
 
0.338421 0.466993 
 
0.375975 0.465834 
0.4317 0.464208 
 
0.332363 0.472787 
 
0.369312 0.470856 
0.428066 0.469615 
 
0.324489 0.477422 
 
0.360832 0.47665 
0.42322 0.475409 
 
0.318432 0.48283 
 
0.354169 0.482057 
0.415952 0.480817 
 
0.311769 0.48901 
 
0.3469 0.487079 
0.411106 0.485838 
 
0.301472 0.492873 
 
0.340238 0.492486 
0.404443 0.49086 
 
0.294809 0.499053 
 
0.332363 0.497894 
0.396569 0.495881 
 
0.287541 0.504461 
 
0.325701 0.503302 
0.391723 0.500903 
 
0.285118 0.509868 
 
0.319038 0.508709 
0.383849 0.50631 
 
0.277849 0.515276 
 
0.312375 0.513731 
0.37658 0.510946 
 
0.276032 0.520297 
 
0.306318 0.519525 
0.370523 0.51674 
 
0.273004 0.525705 
 
0.300866 0.524546 
0.364466 0.522147 
 
0.266946 0.530727 
 
0.293598 0.529568 
0.35962 0.527941 
 
0.263312 0.536521 
 
0.289963 0.535362 
0.354169 0.533349 
 
0.257861 0.541928 
 
0.284512 0.540383 
0.350535 0.538757 
 
0.251198 0.54695 
 
0.279061 0.545405 
0.349323 0.544937 
 
0.243929 0.552357 
 
0.273609 0.550426 
0.342055 0.549958 
 
0.238478 0.557765 
 
0.272398 0.55622 
0.338421 0.555366 
 
0.234844 0.5624 
 
0.266946 0.562014 
0.334181 0.560387 
 
0.230604 0.567808 
 
0.262706 0.567035 
0.329941 0.565409 
 
0.229998 0.573988 
 
0.260284 0.572057 
0.326912 0.569658 
 
0.226364 0.578623 
 
0.254832 0.577464 
0.321461 0.575065 
 
0.224546 0.584031 
 
0.250592 0.583258 
0.316615 0.580473 
 
0.220912 0.590211 
 
0.246352 0.58828 
0.311163 0.585495 
 
0.218489 0.595619 
 
0.241506 0.593301 
0.305106 0.590902 
 
0.213644 0.600254 
 
0.237266 0.599481 
0.298443 0.59631 
 
0.207587 0.605662 
 
0.233026 0.604889 
0.291175 0.60249 
 
0.202135 0.610683 
 
0.228786 0.609911 
0.286329 0.607898 
 
0.196684 0.616091 
 
0.223335 0.614932 
0.282695 0.613306 
 
0.192444 0.621112 
 
0.220306 0.62034 
0.279666 0.619099 
 
0.189415 0.62652 
 
0.216672 0.625747 
0.279061 0.623735 
 
0.189415 0.631928 
 
0.211221 0.630383 
0.274821 0.629142 
 
0.188204 0.636949 
 
0.209404 0.63579 
0.274215 0.63455 
 
0.187598 0.642743 
 
0.206375 0.641584 
0.270581 0.639571 
 
0.185781 0.647765 
 
0.204558 0.646219 
0.269975 0.644979 
 
0.180935 0.653172 
 
0.200924 0.652013 
0.265129 0.650001 
 
0.177301 0.658966 
 
0.199107 0.657421 
0.260889 0.655408 
 
0.173667 0.664374 
 
0.196684 0.663215 
0.257861 0.660816 
 
0.168821 0.668623 
 
0.192444 0.66785 
0.253621 0.666224 
 
0.163975 0.67403 
 
0.191232 0.673644 
0.246352 0.671245 
 
0.162158 0.680211 
 
0.189415 0.678666 
0.242718 0.677039 
 
0.157918 0.684846 
 
0.185175 0.684073 
0.236661 0.681674 
 
0.156101 0.69064 
 
0.180935 0.689481 
0.233632 0.687468 
 
0.156707 0.695661 
 
0.178512 0.694889 
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0.229392 0.693262 
 
0.157312 0.701841 
 
0.174272 0.701069 
0.229392 0.698284 
 
0.154889 0.706863 
 
0.172455 0.705318 
0.228181 0.703691 
 
0.155495 0.712271 
 
0.169427 0.710725 
0.223941 0.709099 
 
0.151861 0.717678 
 
0.165792 0.716133 
0.223335 0.714507 
 
0.147015 0.723086 
 
0.164581 0.721541 
0.222124 0.719528 
 
0.143381 0.728107 
 
0.162764 0.727335 
0.220306 0.72455 
 
0.141564 0.745489 
 
0.159735 0.732742 
0.220912 0.730343 
 
0.134901 0.737764 
 
0.157918 0.737378 
0.217278 0.735751 
 
0.13369 0.743558 
 
0.157312 0.742785 
0.213644 0.741159 
 
0.133084 0.748966 
 
0.155495 0.748193 
0.214249 0.74618 
 
0.130661 0.754373 
 
0.154284 0.753214 
0.207587 0.751202 
 
0.131872 0.759781 
 
0.151861 0.759008 
0.202741 0.756996 
 
0.132478 0.765189 
 
0.149438 0.766734 
0.200318 0.762017 
 
0.131872 0.770983 
 
0.149438 0.769824 
0.197289 0.767425 
 
0.130661 0.776777 
 
0.145804 0.775618 
0.194867 0.772832 
 
0.127632 0.781798 
 
0.145804 0.780253 
0.193049 0.778626 
 
0.122181 0.786819 
 
0.144592 0.785661 
0.191232 0.783262 
 
0.119758 0.791841 
 
0.140958 0.791068 
0.189415 0.789056 
 
0.11673 0.797249 
 
0.139141 0.796476 
0.186387 0.794077 
 
0.11249 0.802656 
 
0.137324 0.801884 
0.186992 0.799098 
 
0.111278 0.807678 
 
0.133084 0.807291 
0.185781 0.805279 
 
0.111884 0.813085 
 
0.131267 0.812699 
0.183964 0.8103 
 
0.11249 0.818493 
 
0.130055 0.81772 
0.183358 0.815708 
 
0.114912 0.824287 
 
0.128238 0.822742 
0.180329 0.820729 
 
0.115518 0.829695 
 
0.130055 0.828536 
0.176695 0.826137 
 
0.113701 0.835489 
 
0.127027 0.833557 
0.176695 0.831545 
 
0.110672 0.841283 
 
0.12521 0.838579 
0.174272 0.83618 
 
0.107038 0.845145 
 
0.122787 0.844373 
0.171244 0.841201 
 
0.102798 0.850553 
 
0.122181 0.849394 
0.169427 0.847381 
 
0.097952 0.855961 
 
0.120364 0.854802 
0.167609 0.852403 
 
0.098558 0.860982 
 
0.12097 0.860596 
0.163975 0.858197 
 
0.09977 0.86639 
 
0.120364 0.865231 
0.163369 0.863991 
 
0.099164 0.871798 
 
0.121575 0.871025 
0.165187 0.869012 
 
0.099164 0.877205 
 
0.117941 0.87566 
0.159735 0.874806 
    
0.116124 0.881454 
0.158524 0.879441 
    
0.114307 0.886862 
0.157918 0.884849 
    
0.114912 0.891883 
0.155495 0.890643 
    
0.111278 0.897291 
0.153678 0.895664 
    
0.110672 0.902699 
0.155495 0.901072 
    
0.10825 0.908106 
0.152467 0.906093 
    
0.105827 0.913514 
0.149438 0.911115 
    
0.102798 0.918535 
0.149438 0.916523 
    
0.100981 0.924329 
0.147015 0.92193 
      0.145804 0.927338 
      0.144592 0.932359 
      0.141564 0.937381 
      0.139141 0.943175 
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0.138535 0.948196 
      0.136718 0.954376 
      0.134901 0.959784 
      0.13369 0.964806 
      0.131872 0.969827 
      0.131267 0.975235 
      0.131872 0.981029 
      0.128844 0.986436 
      0.127632 0.991458 
      0.127632 0.996479 
      0.126421 1.002273 
      0.123392 1.006522 
      0.123998 1.012316 
      0.122181 1.01811 
      0.120364 1.023131 
      0.119152 1.028539 
      0.117941 1.033947 
      0.117335 1.039354 
      0.116124 1.045148 
      0.113095 1.049784 
      0.110672 1.054805 
      0.110672 1.060985 
      0.108855 1.06562 
      0.10825 1.071028 
      0.106432 1.076436 
      0.107038 1.081457 
      0.105827 1.087251 
      0.105827 1.092659 
      0.104615 1.09768 
      0.10401 1.103088 
      0.102192 1.108109 
      0.103404 1.113517 
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Appendix D 
 
Load and CMOD Values obtained from the Numerical Simulation of the Three-Point 
Bending Notched Beam Test 
load (kN) CMOD (mm) 
 
load (kN) CMOD (mm) 
 
load (kN) CMOD (mm) 
0 0 
 
1.08584 0.149062 
 
0.080081 0.510746 
0.044573 0.000252 
 
0.882461 0.165523 
 
0.074835 0.526193 
0.088215 0.000505 
 
0.698433 0.185839 
 
0.070114 0.54162 
0.131146 0.000758 
 
0.572139 0.204804 
 
0.066011 0.557024 
0.215451 0.001263 
 
0.479423 0.222911 
 
0.062282 0.572412 
0.379989 0.002275 
 
0.40937 0.240397 
 
0.058858 0.587787 
0.697886 0.004326 
 
0.354063 0.257451 
 
0.055805 0.603146 
1.19893 0.007937 
 
0.309617 0.274173 
 
0.053065 0.618491 
1.66558 0.011908 
 
0.272998 0.290646 
 
0.050414 0.633834 
2.09583 0.016399 
 
0.242681 0.306916 
 
0.047732 0.649212 
2.48385 0.021617 
 
0.217594 0.323014 
 
0.045129 0.664585 
2.81898 0.027855 
 
0.195565 0.339007 
 
0.042843 0.679951 
3.08269 0.035562 
 
0.177243 0.354878 
 
0.040642 0.695303 
3.24169 0.045502 
 
0.161212 0.370674 
 
0.038713 0.710652 
3.25015 0.05593 
 
0.147112 0.386406 
 
0.036806 0.725988 
3.13983 0.066362 
 
0.135062 0.402067 
 
0.035194 0.741309 
2.9186 0.077638 
 
0.124497 0.417679 
 
0.033584 0.756638 
2.64129 0.087979 
 
0.11453 0.433277 
 
0.032154 0.771947 
2.12677 0.103331 
 
0.105969 0.448826 
 
0.030824 0.787259 
1.71421 0.117028 
 
0.098516 0.464337 
 
0.030191 0.794556 
1.46069 0.127679 
 
0.091971 0.479815 
   1.28154 0.136833 
 
0.08595 0.495277 
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Appendix E 
Load and CTSD Values obtained from the Numerical Simulation of the Four-Point 
Shear Notched Beam Test 
         
 
Load (kN) CTSD (mm) 
 
Load (kN) CTSD (mm) 
 
Load (kN) CTSD (mm) 
 
0.000000 0 
 
9.641500 0.0138759 
 
0.678059 0.1108011 
 
0.998458 0.0000153 
 
8.166820 0.0233637 
 
0.388049 0.1233756 
 
1.986280 0.0000309 
 
7.131430 0.0302263 
 
0.139872 0.1412570 
 
2.952510 0.0000466 
 
6.361820 0.0356044 
 
0.047795 0.1541328 
 
4.316140 0.0000706 
 
5.752310 0.0401190 
 
0.006853 0.1666860 
 
5.587480 0.0000977 
 
5.248430 0.0440770 
 
0.000000 0.1790005 
 
6.788400 0.0001363 
 
4.819500 0.0476471 
 
0.000000 0.1912448 
 
7.923580 0.0002158 
 
4.446750 0.0509305 
 
0.000000 0.2156785 
 
8.991640 0.0004242 
 
4.117830 0.0539931 
 
0.000000 0.2644198 
 
10.446600 0.0012187 
 
3.688820 0.0582666 
 
0.000000 0.3130754 
 
10.774200 0.0015584 
 
3.153530 0.0641439 
 
0.000000 0.3616808 
 
11.079000 0.0020054 
 
2.521950 0.0721297 
   
 
11.183200 0.0022261 
 
1.826150 0.0829077 
   
 
11.909300 0.0033456 
 
1.126700 0.0974483 
   
         
 
        
 
